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Abstract

To advance the "net zero" target by 2050, residential solar energy applications
have gained significant traction. This study aims to design a cost-effective
residential PV embedded energy storage system. Battery energy storage and
thermal energy storage are prominent technologies in residential sectors. Given
the widespread use of hot water tanks in British homes, storing excess PV energy

in these tanks appears economically favourable.

Additionally, differential electricity tariffs, like Economy-7, offer potential
savings by shifting energy usage to off-peak hours or storing energy for peak
demand periods. Optimizing the design of the PV utilization system involves
avoiding oversizing components by leveraging historical data or models. This
approach ensures efficient PV utilization, cost-effectiveness, and supports the

transition to net-zero energy goals.

Additionally, conventional electric water heaters using relays or TRIACs
struggle to accurately utilize excess solar power, often resulting in unnecessary
power import or export. With the increasing adoption of power electronic
appliances in households, which employ diode bridge front ends, concerns about
grid power quality, such as grid harmonics, arise. Therefore, this thesis proposes
a novel power electronic water heater to precisely consume excess PV energy
and mitigate grid harmonics caused by household non-linear loads. This
approach is validated through both simulation and experimentation. Furthermore,
the performance of the PV-battery-power electronic water heater system is

evaluated in the experimental setup.
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Chapter 1: Introduction

Energy is an integral part of modern human life. Nowadays, around 80% [1]
of our energy demand is sourced from fossil fuels, and simultaneously the rapid
growth of population and increasing industrialization are placing considerable
pressure on the world’s finite fossil fuels resource, leading to energy shortage
[2]. Furthermore, those energy resources utilization is closely associated with
significant greenhouse gas emissions that cause climate change and
environment degradation [3]-[5], which adversely affect wildlife and human
wellbeing. The most effective ways to tackle this situation are to significantly
increase the renewable energy share in global energy consumption and to make
the energy utilization more eco-friendly and efficiently through technological
advancement [6]. As depicted in Figure 1.1, the proportion of electricity
generated from renewables has steadily risen, climbing from 18.71% in 2000 to
30.24% in 2023 [7], and continues to progress towards achieving "net zero.” This
crucial milestone entails striking a balance between greenhouse gas emissions
and their removal from the atmosphere.

Share of electricity production from renewables
35.00%

30.00%
25.00%

20.00%
15.00%
10.00%
5.00%
0.00%

2000 2005 2010 2015 2020 2023

Figure 1.1. The share of global electricity production from renewables from 2000 to 2023.



Hence, the exploit of renewables and utilization approaches have increased in
recent years. For example, by the end of 2020 the UK has already reduced its
CO2 emissions by 50% below the 1990 levels [8], and around 33% of electricity
Is generated from renewables in 2022 [9] but this is not sufficient to limit climate
change. This is why, in 2019, the UK government agreed to an ambitious net-
zero emissions target to be achieved by 2050 [10] and to successfully implement
that, it is necessary to understand and assess the potential and limitations of the
relevant technologies that can help the reduction of CO2 emission in all energy
intensive sectors.

Based on data from the Department for Business, Energy & Industrial Strategy
(BEIS), residential energy consumption in the UK fluctuates annually but
generally represents about 25-30% of the nation's total energy usage [11]. In the
urban residential sector, solar power generation in the form of photovoltaics (PV)
is an excellent and popular renewable energy generation option where the solar
panels can be installed on the roof of houses which prevent occupying land that
could be used by wildlife or agriculture. Also due to this solar energy being
predominantly consumed locally, it means that the infrastructure investment for
connecting the PV installations to grid are minimum compared to a large-scale
solar farm. Thus, the household energy bill can be significantly reduced as the
photovoltaic (PV) energy is utilized locally. However, due to the PV generation
being easily affected by the weather condition as clouds are limiting sunlight
radiation captured by PV panels which is very common in UK, the intermittent
PV power hardly matches with the local loads demand, which may result in the
excess PV power being exported in the distribution grid by the households. This

situation, in conjunction to a pricing scheme not designed to maximise PV



generation would typically have a detrimental effect on the finances,
discouraging some homeowners to install or further increase the size of their PV
system. To address this problem, employing energy storage to prevent export of
excess PV power rewarded at low price that is later in the evening imported at
expensive price may be considered. Different means of storing energy such as
compressed air energy storage, battery energy storage, thermal storage can be
considered. Due to the limitations of space and cost, the battery energy storage
which currently is very efficient but expensive and thermal energy storage which
is cheap but less efficient seem to be the feasible choices in residential PV
application [12]. Practically, a significant amount of energy is used for
generating heat (cold/hot) in residential applications. According to the UK
government data, most of the domestic energy is used to heat homes (space
heating) (62%) with the second largest energy being used to heat water (18%)
[13]. Hot water can be produced instantly in gas boilers or can be produced using
electricity by high power resistive heaters integrated in instant hot water taps and
showers or inside washing machines, and the advantage is that heating only as
much water as is consumed, it limits heat losses. The other alternative is to utilize
smaller heaters that operate for a longer time that work in conjunction with a
thermal insulated water cylinder which would act as a thermal energy storage,
and this is a technology that was very popular in the past in UK with many
households still having installed a hot water cylinder. This is why the alternative
to the expensive battery energy storage exist, to store the excess PV energy in
the hot water tank at virtually no added equipment cost. Besides, early in 1978,
a new off-peak tariff known as Economy-7 was introduced [14]. It features a

seven-hour night rate some pennies per unit cheaper than the rest of day, made



possible for residents to save electricity bill by moving some household loads to
this period or storing some energy from the grid during off-peak hours for peak-
hour usage. Thus, in the past, the strategy of heating hot water during the off-
peak hours was adopted by many British family. There is however a potential
problem, with the hot water heater which is traditionally design to consume
constant power which may not always match the available PV excess power,
which may be sensed by the energy meter. Therefore, in order to store only the
excess PV energy in the hot water tank, the heating resistor needs to be able to
consume at any time the variable excess PV power exactly and respond quickly
to any changes needing an advanced controller. Conventional commercial
electric water heaters exist [15][16] to control the dissipated power in a water
heater by employing simple circuits relying on relays/TRIACs but these may
result in unwanted power import/export and in addition, may further degrade the
power quality.

Furthermore, as more non-linear loads relying on a diode bridge front end are
widely employed in the domestic power network, a significant level of current
harmonics are injected causing a significant increase of power quality issues,
such as additional heat losses, and failure in sensitive electronic devices [17]. To
eliminate the harmonics detrimental influence on sensitive consumers,
traditional solutions are used such as the implementation of filters (passive filter,
active filter, and hybrid harmonics filter) or equipping appliances with an active
front end [18] but all these solutions will increase costs. A grid connected PV
inverter would have the capability to perform also active filtering functionality
for the household and this feature was reported in research literature [19][20] but

the authors are not aware of any manufacturer that actually embedded this



function in their PV inverter and the reason is that the controller and bandwidth
of the grid current sensors need increasing which impacts cost and also there is
the additional resonance with the grid side PWM filters using LCL topologies
[21]. Hence, it is an interesting and meaningful topic to incorporate grid current
harmonics compensation capability into the power electronic controlled water
heater.

Therefore, it is feasible to utilize the battery energy storage or thermal energy
storage (hot water cylinder) in the residential sector. Some of the excess PV
power can be stored in a battery stack and released to satisfy the household
(electronic) load demand when PV generation is too small or during evening
reducing energy imports. It is also possible to reduce the electricity bill by
heating water in the tank overnight at cheap off-peak electricity price and/or
store any excess PV power when battery is full. This means that compared with
battery only energy storage installation, it is possible to reduce the size of the
battery stack in an installation comprising of a PV-battery-hot water tank.
However, there is a challenge of how to choose the size and configure all the
system components, such as, PV panels, converter rated power and rated battery
energy. Due to the expensive capital cost of these components, especially of the
battery, using an inappropriate method could lead to oversizing these
components increasing significantly costs and limit financial benefits which will
discourage the motivation of residents to employ more PV generation.

Presently, there is a lot of research effort directed at how to optimally design
household PV power system components [22][23]. Nevertheless, most research
focuses on PV with single energy storage technology utilization, like PV-battery

or PV-heat pump. More complicated power systems such as PV-battery-thermal



storage power system, is rarely researched. Simultaneously, there are not many
comparisons of PV interfaced with different energy storage technology scenarios
which is essential for consumers to choose a suitable PV utilization scheme.
Therefore, the aim of this thesis is to propose and investigate a power
electronic circuit and associated control that is able in addition to controlling
accurately the power dissipation in a hot water tank to match the exact available
excess PV power, to also achieve significant reduction of overall household
current harmonics which is then validated by simulation and experimentally. The
optimization design procedure and associated simulation models to size the
battery is also implemented four different PV application scenarios (only PV
self-consumption scenario, PV- battery energy storage scenario, PV-power
electronic water heater scenario, and PV-battery-power electronic water heater
scenario) to provide recommendations for consumers to optimally design their

own PV power system.



1.1. Research objectives
There are two main tasks in this project: the one is to propose a novel power

electronic water heater which can be used to compensate the grid harmonics and
consume the excess PV energy exactly. The other is to build the optimization
procedure to provide the recommendation for consumers to design the optimal
PV utilization power system.

The following objectives are considered:

o Clarify the optimal sizing PV power system routines/procedure by the
research/papers investigation. In this section, the steps for optimising the
PV power system components are defined and illustrated individually.

o Construct the models, collect the input data, specify the constraints and
requirements for the optimization procedure. For example, battery stack,
converter, and hot water cylinder are modelled. The PV generation,
household loads consumption profiles, electricity tariff, and device price,
etc. are collected. Besides, there are various constraints and requirements
also should be defined in advance.

o Compose optimization MATLAB codes for four design scenarios (only
PV self-consumption scenario, PV- battery energy storage scenario, PV-
power electronic water heater scenario, and PV-battery-power electronic
water heater scenario), followed by the examination of each scenario. To
explore how different values of an independent variable affect the
optimisation procedure, sensitive analysis is done. Lastly, the optimal

procedure of each scenario is processed.



o Different input data and power size converter models applied, like PV
generation size and power converter power size, it aims to capture the
optimal size design for each scenario.

o Propose and investigate the novel power electronic water heater topology
and control schemes and analyse the harmonics compensation capability
limitations, and then validate the concept on an experimental prototype.

o Build a PV-battery-power electronic water heater power system
experimental prototype to validate the stability and transient performance.
Besides, some practical problems are also done in this part, like the
elimination of low order grid harmonics caused by the distortion of grid

voltage.



1.2. Main contributions
There are two main contributions in this thesis as follows.

o Propose a novel type of the power electronic water heater. Distinguished
from the conventional relay based electric water heater, it can accurately
match the amount of excess PV power by PWM technology and
compensate the grid current harmonics caused by the household
appliances. The simulation and experimental prototype are established to
validate these functionalities.

o Provide schemes and recommendations on how to maximise the
financial benefits for a residential PV application. There are four

different types of PV applications are researched and compared.



1.3. Thesis outline
To document how these research objectives have been achieved, the thesis is

structured in seven chapters as follows.

Chapter 1 This chapter provides the introduction of this work and highlights
the major contributions.

Chapter 2 The literature review of the structure of PV-battery-power
electronic water heater power system is shown firstly, including the
demonstration of current available energy storage technologies, PV inverter,
battery charger, and electric water heater topologies. Then, the optimization
procedure used in another research is reviewed.

Chapter 3 The demonstration of each scenario is shown in this chapter,
including different scenario demonstration, system components models, main
constraints, input data collection, and objective functions definition.

Chapter 4 In this chapter, the optimization codes for four residential PV
application scenarios are examined and processed for the study case to design
the optimal system components size to maximum the financial benefits for 10-
year period.

Chapter 5 A novel power electronic water heater is proposed, including the
topology demonstration, harmonics compensation capability analysis, and
control schemes. To construct a PV-battery-power electronic water heater power
system, the topology and control methods of each subsystem are described
respectively. Besides, the simulation validation of the proposed power electronic
water heater used for grid current harmonics compensation and the excess PV
power consumption is done in the PLECS software.

Chapter 6 At the beginning, the experimental validation of the proposed

electronic water heater used for grid harmonics compensation is done. The
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harmonics compensation capability limitations are also experimentally validated.
Then, the stability and transient performance of the entire power system are
validated and analysed under different PV generation/loads consumption.

Chapter 7 Conclusions and future works are discussed.

11



Chapter 2: Literature review

To realize the ‘‘zero carbon’’ target by 2050, a more attractive solution is the
decentralised energy system deployment which generates green power close to
the point of use [24]. In the UK, the increasing use of decentralised energy forms
Is also essential to achieve this ambitious target. Traditionally, the power
producers and consumers in a centralised power system structure were strictly
separated and distinguished which caused significant energy losses during
transmission and distribution, leading to inefficiencies and increased
environmental impact. Nowadays, due to the widespread distribution
characteristics of some renewable energies, like PV energy, it is possible to
integrate the energy production, consumption, and storage together at the small
or medium power scale [25]. For instance, a growing field of renewable energy
application is the millions of British private houses that installed roof-top PV
generation, lowering the dependence of consumers on the power grid with
noticeable implication in cost of electricity. Consequently, the large-scale PV
generation is integrated following a traditional power system approach.

This chapter aims to provide a good comprehension of PV household power
system with integrated PV generation, in view of making it more applicable and
cost effective. The framework consists of certain key components which include
the topology of PV system, as well as the key load devices which are important
from the point of view of power consumption and potential energy storage
capacity that will be relevant for the size optimisation procedure.

Driven by the reduction of PV panel cost [26], the PV market and
manufacturing experienced a rapid growth over the last decade. However,

deciding on the right choice of PV system configuration and size, including also
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the energy storage technology/component and the associated power conversion
systems, for meeting given load requirements has great influence on the PV
power system cost and performance.

To optimally select the appropriate system devices, this literature review
focuses on state of the art on optimally sizing PV power system components—
primarily PV generation, energy storage capacity, and converter capacity—
through mathematical analysis and software-based computations.

In this thesis, the battery energy storage and power electronic water heater is
integrated into PV power system. Thus, the configuration of this power system
should be reviewed, including the selection and design of each subsystem, such
as energy storage technologies, power conversion systems, and electric water
heaters. Following this, the optimization procedure for sizing residential PV
power systems is presented, along with the available software tools and
associated challenges. Finally, the chapter concludes by outlining the aims of

this study.
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2.1. PV household power system configuration

Firstly, it is essential to define the structure of the PV power system. There are
primarily two approaches to integrating PV power generation into the power
system [27]-[30]. In the first approach, PV generation is coupled with the DC
bus through a DC/DC converter (DC coupled). In the second approach, PV
generation is coupled with the AC bus through a DC/AC converter (AC coupled).
The differences between DC-coupled and AC-coupled systems are described as
follows.

» DC coupled system: As shown in Figure 2.1, PV panels are linked to the
DC bus either through a dedicated DC/DC power converter or directly
connected with the DC bus in certain configurations. In households with
DC loads, accessing power directly from the DC bus is straightforward.
The bidirectional DC/AC inverter allows power converted from the DC
side to the AC side or vice versa. Thus, this simple scheme of DC-
coupled has more potential to reduce costs from the shared components

(PV inverter).

DC bus
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DC/DC AC bus
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Figure 2.1. Schematical diagram of a DC-coupled residential PV power system.

» AC-coupled system: Figure 2.2 illustrates a simplified AC-coupled
residential PV power system. In this AC-coupled configuration, both the
photovoltaic power generation unit and the energy storage unit are

typically connected to an AC bus via converters. Each DC subsystem
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within the AC-coupled system must synchronize with the common AC
bus frequency. For grid-tied power systems, isolation is often crucial for
ensuring safety, compatibility, and regulatory compliance. In this
residential PV power setup, two primary isolation methods are
commonly employed. The first utilizes transformer-less inverters, such
as switched-capacitor inverters [31] and neutral point clamped (NPC)
inverter [32]. These inverters enhance safety and reduce leakage currents
without the need for a bulky transformer. Although they offer high
efficiency, they must adhere to stringent safety standards to prevent
leakage and ensure secure operation. The second method employs
transformers to provide galvanic isolation, effectively separating the PV
array and energy storage components from the grid. This approach
prevents direct electrical connections, thereby eliminating the risk of
fault currents transferring between the grid and household circuits. There
are two main approaches to implementing galvanic isolation. The first
involves using a transformer before the inverter to isolate the power grid
from the PV array and energy storage device. However, this grid-
frequency transformer can be quite large. Alternatively, another solution
entails splitting the DC/AC converter into two stages: DC/DC and
DC/AC [33], with a high-frequency transformer positioned in the DC/DC
stage [34]. This high-frequency transformer is smaller than a grid-
frequency transformer, providing a more efficient and compact isolation

solution.
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Figure 2.2. Schematical diagram of a simplified AC-coupled residential PV power system.
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2.2. An overview of energy storage technologies

As renewable energy penetration increases in the power grid, the utilization of
energy storage devices has become increasingly prevalent, serving various
purposes such as storing surplus PV energy, grid frequency/voltage support, and
saving electricity bills [35]. Energy storage technologies are typically
categorized based on storage duration, response time, and function [36].
Additionally, they can be classified according to the form of energy stored,
including mechanical, chemical, thermal, and electrochemical energy [37][38].
Table 2.1 provides an overview of different energy storage technologies
categorized by the form of energy stored. This chapter presents currently
applicable storage technologies to select the proper energy storage technology

in household PV applications.

Table 2.1 The classification of various energy storage technologies based on the form of energy stored.

Classification Examples
Pumped hydro storage
Mechanical Compressed air storage
Flywheel
Chemical Hydrogen
Sensible heat
Thermal Latent heat
Thermochemical
. Supercapacitor
Electro-chemical Battery (lithium-ion, lead-acid, etc.)

2.2.1. Review of mechanical storage

Among mechanical storage technologies, capacity-oriented pumped hydro
storage (PHS) and compressed air energy storage (CAES) typically feature long
discharge duration and cycle life, making them suitable for long-term energy
storage or bulk energy applications, especially for managing slow load variations.
Pumped hydro storage remains the most widely adopted and commercially
developed storage technology, with a global energy installation capacity
reaching up to 3.4 GW by the end of 2020 [39]. While CAES is experiencing

rapid development, its energy efficiency is relatively lower. CAES can be

17



categorized as conventional and adiabatic. The first conventional CAES plant
was constructed in Germany in 1978 with 290 MW power level [40] while an
adiabatic CAES plant in Australia, costing around $30 million, aims to provide
5 MW of backup power for up to 2 hours [39].

In contrast, the flywheel energy storage system offers high response speed,
efficiency (80%-90%), and a long lifetime, making it favourable for use in
renewable/hybrid energy systems. Notably, the United Kingdom hosts the
world's largest short term flywheel project, capable of supplying 400 MW for 30
seconds every 20-30 minutes, primarily utilized for frequency regulation [39].

2.2.2. Review of hydrogen

Hydrogen is a clean, highly abundant, and non-toxic energy vector that can be
directly produced by electrolyzing water with renewable energy. Conversely,
electrical energy is directly produced through the chemical reaction between
hydrogen and oxygen. Compared to other hydrocarbon fuels, hydrogen contains
much higher chemical energy per mass (142 MJ), nearly three times that of
gasoline yet it releases no pollution into the environment as its only byproduct
is water when burned. However, it is 3.2 times less energy dense than natural
gas and 2700 times less energy dense than gasoline, leading to hydrogen being
identified as an energy carrier rather than an energy source [41]. Nevertheless,
hydrogen faces a range of safety, economic, and environmental challenges that
affect its widespread adoption [42]. The primary safety concern with hydrogen
fuel relates to its safe usage and handling [43]. Hydrogen’s properties—
including its tendency to leak easily, low ignition energy, broad range of
combustible fuel-air mixtures, and its ability to cause metal embrittlement—

necessitate careful management to ensure safe operation.
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Additionally, most hydrogen is currently produced using fossil fuels or
renewable energy, which remains costly and slows its adoption. According to
the United States Department of Energy (DOE) database, the world’s largest
plants (at 6 MW) are located in Germany, with a capital expenditure of $19
million [39].

Finally, hydrogen production from fossil fuels generates substantial CO:
emissions, while hydrogen leakage can indirectly impact the atmosphere by
extending the lifespan of greenhouse gases such as methane or altering the ozone
layer. This is particularly concerning if large-scale hydrogen adoption results in
significant leakage.

2.2.1. Review of thermal storage

Thermal energy storage is a viable technology that can reduce dependence on
fossil fuels. Following pumped hydro systems, thermal energy storage (TES)
accounted for the second-largest share (up to 1.2 GW) of global installed energy
storage capacity in 2020. Typically, thermal energy storage can be divided into
sensible heat, latent heat, and thermochemical storage. Sensible heat storage
involves the temperature of the storage material varying with the amount of
energy stored, such as in water or refractory bricks. Conversely, latent heat
storage utilizes phase change materials (PCMs), allowing for much more energy
to be stored in a relatively small volume compared to bulk water storage tanks
[44]. When solar irradiation is available, the charging process involves high heat
of fusion materials melting to store PV output energy by changing the phase of
the PCM from solid to liquid. Subsequently, the PCM freezes, and the stored
heat is recovered to drive a steam turbine when there is a need for electricity

consumption during the discharge process. Unlike sensible and latent heat
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storage methods, the principles of thermochemical heat storage are based on
materials' chemical reactions, as shown in (2.1) [45]. During the charging
process, thermochemical substance A absorbs heat to synthesize substance C and
B, where the heat can be stored in different substance separately. The reverse
reaction occurs when energy is needed, and substance A is formed. Thus, the
storage capacity of thermochemical storage is the heat of reaction when
substance A is formed.

A +heat o C+B (2.1)

Thermochemical heat storage stands out as a highly promising option due to
its exceptional energy density, efficiency, and operating temperature flexibility.
Sensible heat storage operates within a temperature range spanning from
ambient temperatures up to the upper limit suitable for the material, such as in
hot water energy storage, which typically ranges from room temperature
(approximately 25°C) to boiling temperature (100°C). In latent heat storage, the
operational temperature range is specific to the material's phase change
properties, for example, paraffin wax typically operates between 20°C and 60°C.

Thermochemical heat storage, however, involves temperatures dictated by
specific chemical reactions and the materials used. For instance, zinc oxide (ZnO)
reacts with water (H,O) at elevated temperatures, typically over 100°C,

producing zinc hydroxide (Zn(OH),) and hydrogen gas (H,). Unlike sensible

and latent storage methods, thermochemical energy storage theoretically allows
for the storage of reactants at ambient temperatures indefinitely, without time

limitations on storage duration.
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Nevertheless, it is important to note that thermochemical energy storage
systems are more complex compared to other thermal storage methods and are
currently in the laboratory research and pilot-scale testing phase [46].

2.2.2. Review of electro-chemical storage

Like conventional capacitors, supercapacitors operate based on the same
fundamental equations. To achieve high capacitance values, supercapacitor
electrodes are designed with high specific surface areas and thinner dielectrics.
Various organic and inorganic nanostructured materials, such as carbon
nanotubes, metal oxides, graphene nanosheets, and conducting polymers, are
utilized to fabricate high-performance devices [47].

2.2.2.1. Review of supercapacitors

Supercapacitors are primarily divided into electrostatic double-layer
capacitors (EDLCs), electrochemical pseudo capacitors, and hybrid capacitors
[48]. EDLCs use activated carbon electrodes or derivatives with significantly
higher electrostatic double-layer capacitance than electrochemical pseudo
capacitance. Meanwhile, metal oxides or conducting polymers are applied for
electrochemical pseudo capacitor electrodes to achieve a high amount of
electrochemical pseudo capacitance in addition to the double-layer capacitance.
Hybrid capacitors combine battery-like electrodes with capacitor-like electrodes
in the same cell to achieve both the good cyclic stability of EDLCs and the
greater specific capacitance of electrochemical pseudo capacitors.
Supercapacitors has lower energy density but accepts much faster and more
round-trip cycles than rechargeable batteries [49], as shown in Figure 2.3.

Consequently, in many scenarios requiring rapid charging/discharging rates,
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such as buses, cranes, and elevators [50], supercapacitors can provide short-term

compact energy storage or burst-mode power delivery for the entire system.
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Figure 2.3. Ragone diagram of energy density and number of cycles of EDLCs, lead-acid and lithium-ion
battery.

2.2.2.2. Review of battery

In recent years, with the proliferation of renewable energy sources and
advancements in electrified transportation and smart grids, batteries have
become essential components of the large-scale energy storage market. The
charging/discharging process of a battery involves the bidirectional
transformation of chemical energy into electrical energy and vice versa. Figure
2.4 illustrates the theoretical structure of a typical rechargeable battery, primarily
consisting of positive/negative electrodes, electrolyte, and current collectors [51].
Electrochemical reactions occur at the positive and negative electrodes to store
electric charges and serve as current density vectors. The electrolyte medium
provides a high-resistance path for transferring ions (charge-carrying particles)
back and forth between the two electrodes, enabling battery charging and
discharging. The current collector, typically made of highly conductive metal,

adheres the electrodes and interfaces with the outer circuit. Two battery
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technologies: lead-acid and lithium-ion, have been in use long enough to be

considered mature technologies.
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Figure 2.4. The theoretical structure of a typical rechargeable battery cell.

The first rechargeable lead-acid battery was invented in 1895 by Gaston Planté,
with a unit voltage of 2 volts. By the end of the 19th century, lead-acid batteries
had quickly evolved to serve multiple applications, such as lighting, bulk energy
storage, and spinning reserve. Recently, the largest lead-acid battery storage
project, with a capacity of 10 MW, is located in Phoenix, Arizona, USA [39].
Lead-acid batteries generally have relatively high efficiency (70%-80%) and low
capital costs. However, their operational temperature and depth of discharge
(DOD) significantly limit their lifespan and maintenance frequency. Advances
in lead-acid technology, such as the development of valve-regulated lead-acid
batteries, have been made to address the short lifespan of conventional lead-acid
batteries [52].

Lithium-ion batteries offer better characteristics than lead-acid batteries, such
as higher efficiency (85% to 95%), greater power density (200-2000W/kg), and

longer lifecycle (500-1000). These advantages have made lithium-ion batteries
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increasingly dominant in the renewable energy storage market [53] and popular
among automotive manufacturers and consumers. However, the high initial
investment cost remains a significant barrier for stationary energy storage
applications. Additionally, various new electrode materials to lower cost, such
as sodium-sulfur (Na-S) [55] and nickel-cadmium (Ni-Cd) [56], are being
explored. Different battery structures, such as flow batteries [57] and bipolar
batteries [58], are also being designed to meet the growing demand in the energy

storage market.
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2.3. Review of Power conversion systems topologies

In the DC-coupled PV power system, there are main two types of power
converter used: DC/AC inverter and DC/DC converter. However, various
topologies for these converters have been proposed. To select the appropriate
converter topologies, this study reviews the available DC/AC inverters and

DC/DC converters.

2.3.1. Review of PV inverter topologies for PV power
generation

PV inverter converts DC electricity generated by solar panels into AC
electricity. The rapid growth of PV renewables in the electricity market has led
to a constant evolution of the PV conversion stage. In the past two decades, the
demands placed on PV inverters have undergone significant development to
meet increasingly stringent specifications, including performance requirements
and legal regulations [59].

1. Performance requirements

The conversion efficiency of a PV inverter at its rated power level is the most
critical criterion. Even a 1% improvement in efficiency can result in
approximately a 10% reduction in inverter costs [60] due to higher energy
conversion rates and a decreased need for additional components to compensate
for efficiency losses. Presently, the efficiency of the transformer-less inverters is
up to 98% in series products and in research 99% efficiency has been reached.
Such extreme high efficiencies can be achieved with three level or multilevel
inverter topologies and new power semiconductors like Silicon Carbide (SiC)
and Gallium Nitride (GaN). [61][62]. Another consideration is power density,
particularly for domestic and commercial applications. It should not be

extremely big since it impacts the design, cost, and efficiency of the inverter. To
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address this, solutions such as the neutral point clamped (NPC) topology and the
use of high-frequency transformers instead of bulk low-frequency transformers
have been implemented. Additionally, due to the high parasitic capacitance
between PV panels and the ground, minimizing leakage current is essential. This
can be achieved through accessible approaches like galvanic isolation
transformers and specially designed power converter topologies with low
common mode voltage generation. The cost of installation and manufacturing is
also crucial in inverter configuration selection. Besides, the power quality, like
PQ (active and reactive power) capability, is another important factor since it
ensures grid compatibility, optimizes energy conversion and system
performance, supports grid stability, and enhances cost-effectiveness. Typically,
higher inverter performance entails higher device costs, necessitating a trade-off
between power quality and cost that warrants thorough investigation.

2. Legal regulations

For safety, high quality, and standardized operation, legal requirements for PV
systems include galvanic isolation, anti-islanding detection, and the need to
comply to grid codes and standards defined by committees and governments.
Anti-islanding detection is a mechanism for the inverter to halt the feeding of
PV power to the grid when the power grid experiences a trip [63]. International
standards proposed by committees like the Institute of Electrical and Electronics
Engineers (IEEE) form the basis for these requirements, with additional
regulations defined by local governments. For instance, in some countries, the
use of an isolating transformer in PV systems is mandatory according to local
regulations.

Driven by the increasing installed capacity of PV systems and efforts to

enhance PV inverters, various inverter topologies have emerged at the practical
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level. Recently, these topologies have been categorized based on the connection
or arrangement of PV modules as string, central, multi-string, and AC module
PV inverters [66]. These topologies can be utilized in both single-phase and
three-phase power systems.

» String PV inverters

Typically, multiple PV modules are connected in series to generate a string
voltage ranging from 150 to 450V, producing a few kilowatts of output power.
The most common method of connecting PV panels to the power system is
through string PV inverters.

Common-mode (CM) noise is a significant concern in photovoltaic (PV)
inverters. This issue primarily arises from the high-frequency switching of
inverters, which generates fluctuating voltages and currents relative to ground.
High levels of CM noise can result in various problems, including safety risks
due to elevated leakage currents, electromagnetic interference (EMI),
degradation of power quality, and erroneous ground detection. To mitigate these
common-mode issues, PV inverter manufacturers and system designers employ
several strategies. Figure 2.5 compares and analyses six types of typical and
modified PV inverters.

Firstly, filters can be installed on either the DC or AC side to attenuate high-
frequency components and limit leakage currents. For instance, the H-bridge
configuration paired with a grid-frequency transformer, as shown in Figure 2.5
(@), is a straightforward solution in which the transformer provides both voltage
step-up and galvanic isolation for the PV system. The galvanic isolation offered
by the transformer enables the use of unipolar pulse-width modulation (PWM)
control without the risk of leakage currents. However, employing a bulky low-

frequency (LF) transformer can reduce circuit power density and efficiency. An
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alternative approach involves incorporating a high-frequency transformer on the
DC side, as illustrated in Figure 2.5 (b). This configuration significantly
improves inverter size and system power density compared to the LF transformer
topology [64].

Secondly, common-mode chokes can be installed on power lines to mitigate
common-mode currents. Figure 2.5 (c) demonstrates the use of geometrically
symmetrical filters on both the grid phase and neutral lines, effectively
suppressing common-mode currents and reducing the conversion of common-
mode (CM) noise to differential-mode (DM) noise [65].

Thirdly, adopting inverter topologies [66] specifically designed to minimise
common-mode effects, such as H6 topologies (Figure 2.5 (d)), 5-level NPC
configurations (Figure 2.5 (e) [67]), and 3-level half-bridge NPC (Figure 2.5 (f)),
can help reduce leakage currents and EMI. Additionally, advanced control
techniques, including various PWM modulation schemes, can further diminish

common-mode voltage and its adverse effects.
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» Central PV inverters

Central PV inverter topologies involve connecting a large number of PV
modules to a single inverter, as illustrated in Figure 2.6. Typically, central PV
inverter topologies are utilized in large-scale PV system applications ranging
from a few hundred kilowatts to several megawatts. The maximum power point
tracking (MPPT) function for the PV output power is achieved by the central
inverters.

The 2-level voltage source inverter (2L-VSI), depicted in Figure 2.6 (a), is a
fundamental topology of central inverters that comprises three half-bridge
converters. It is connected to the medium voltage 3-phase grid (A, B, C phase)
through a voltage step-up transformer. Additionally, similar to the string PV

inverter topologies, other topologies are also utilized in central inverters, such as
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the neutral point clamped (NPC) and T-type inverters, shown in Figure 2.6 (b)

and (c) respectively [59].
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Figure 2.6. 3 examples of central inverters.
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» Muti-string PV inverter

Multi-string PV inverter topologies combine features of central and string PV
inverters to ensure each PV string sector operates at its maximum power point
(MPP) by incorporating a DC-DC stage for each PV string. Figure 2.7 illustrates
two examples of multiple string PV inverters. The basic multi-string inverter
utilizes the 2-level voltage source inverter (2L-VSI) topology shown in Figure
2.7 (a), which can also be replaced by a 3-level neutral point clamped (3L-NPC)
converter to improve efficiency. The multi-string inverter with galvanic isolation
using a high-frequency (HF) transformer shown in Figure 2.7 (b), is a more
complex topology and results in higher losses. Typically, all topologies with

two-stage conversion can be used to construct multi-string inverters [69].
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> AC module PV inverters

Each PV module is connected to a micro-inverter, resulting in what is known
as an AC module inverter. The primary advantage of these topologies is the
elimination of losses caused by I-V and MPP mismatch between PV modules,
leading to higher energy yield. However, the use of multiple inverters
significantly increases costs compared to conventional inverters. Two examples
of AC module inverters are depicted in Figure 2.8.Figure 2.8 (a) shows an AC
module inverter employing an H-bridge with a high-frequency (HF) transformer
[70]. This topology is a commercial module offered by Enecsys company. Figure
2.8 (b) depicts an inverter embedded with interleaved flyback converters [71],

which is another commercial module offered by Siemens.
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Figure 2.8. Two examples of AC module PV inverters.
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2.3.2. Review of bidirectional DC/DC converter topologies
for battery energy storage

According to the investigation [72], lithium-ion batteries are a more suitable
and cost-effective choice for low and medium-sized stationary energy storage
applications. In this PhD thesis, a DC/DC converter equipped with bidirectional
power flow capability is necessary for power and energy exchange between the
batteries and the rest of the system. Bidirectional DC/DC converters (BDCs) can
typically be classified into non-isolated and isolated types [73].

> Non-isolated BDCs

Generally, by replacing diodes with controllable switches in conventional
buck/boost DC/DC converters, a unidirectional DC/DC converter gains the
ability for reverse power flow. Non-isolated bidirectional DC/DC converters
(BDCs) do not use high-frequency transformers, leading to improvements in
system efficiency, power/energy density, and cost [74]. This section reviews
some basic converter topologies, the single phase, soft switching, and
interleaved converters, shown in Figure 2.9.

The most common non-isolated BDC topology made of two half-bridge
inverter structures consists of a boost (power/inductor current from right to left)
combined with a buck converter (power/inductor current left to right) connected
in parallel as depicted in Figure 2.9 (a) [75]. It can operate in either buck or boost
mode to transfer power in both directions by selecting the proper switching
patterns. However, its main drawback is the battery voltage needs to be lower
than DC bus voltage and the relatively high value of the output inductor needed
to limit current ripple, which may damage batteries.

Building upon the half-bridge BDC topology, the flexible 4-quadrant

converter is proposed as shown in Figure 2.9 [76], which has the capability of

32



voltage step-up and step-down operations in both directions which means
voltage transfer ratio is no longer a limitation. However, more switches lead to
higher losses and a more complicated control algorithm.

The modified BDC topology (Figure 2.9 (c)) with a tapped inductor has a
higher step-up ratio and lower step-down ratio, resulting in higher power density
due to an additional inductor magnetically coupled with the original inductor on
the same core [77].

To further improve the efficiency of hard-switching converters, soft-switching
technologies such as zero-voltage-transition (ZVT) and zero-current-transition
(ZCT) are introduced into non-isolated topologies. Figure 2.9 (d) [78] shows a
type of ZVT converter with an auxiliary circuit ensuring that the main switches
work at ZVT mode regardless of the converter's operation mode.

In high-power applications, interleaved converters have become more
attractive. Several (N) half bridges are connected in parallel, as shown in Figure
2.9 (e) [79]. With the phase shift (360°/N) of control for each leg, the output
current has minor ripple due to ripple cancellation, facilitating optimized
inductor design. Interleaving converters achieve high efficiency in a wider
power range and fault tolerance by splitting the current into N paths, leading to
lower conduction losses whilst switching losses can be reduced at light loads by
deactivating some of the channels.

Based on the conventional interleaved converter, the modified multi-stage
interleaved converter topology is explored to minimize filter size/weight by
coupling inductors, as depicted in Figure 2.9 (f) [80]. The high mutual
inductance of the coupled inductor provides high impedance to the differential

mode (DM) PWM voltage to suppress the DM component. However, an extra
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inductor (stage 3) may be installed to limit common-mode (CM) noise by
supplementing the lack of leakage inductance derived from previous stage

coupled inductors (stage 2).
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Figure 2.9. Examples of various non-isolated BDCs.

> lIsolated BDCs

Galvanic isolation between multiple sources is a requirement mandated by
many standards and regulations for safety, noise reduction, and proper operation
of system protection devices [73]. Compared to LF transformers, HF
transformers offer higher power density, lighter weight, and lower noise without
compromising efficiency, cost, and reliability. Therefore, replacing traditional
LF transformers with HF transformers is considered more attractive in the next-
generation power conversion field. HF transformers also serve as key high-
frequency link devices in isolated bidirectional DC/DC converters (BDCs).

Most traditional isolated unidirectional DC/DC converters (UDCs) can be

used to compose isolated BDCs [81]. For instance, a half-bridge-push-pull
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isolated BDC is composed of a half-bridge UDC and a push-pull UDC, with the
half-bridge and push-pull structures capable of withstanding high- and low-
source voltages. Isolated BDC topologies are diverse, with the transmission
power capability typically proportional to the number of switches. Isolated
BDCs can range from the simplest dual-switch topology to more complex
structures [81], as shown in Figure 2.10.

The simplest hard-switched BDC topology is shown in Figure 2.10 (a) [82],
which operates in both forward and reverse modes. By replacing the diode in the
standard flyback converter, bidirectional power flow capability is enabled.
However, the relatively high switching frequency required to reduce the weight
and size of inductors can increase switching losses.

Figure 2.10 (b) shows a five-switch isolated BDC with zero-voltage switching
(2VS) characteristics for all switches achieved through phase shift control
strategy [83]. The optimized performance and increased efficiency of the
converter are observed when coupled inductors are applied.

Leandro proposed a full-bridge-forward DC/DC converter, as depicted in
Figure 2.10 (c) [84], for interfacing the energy storage system with the DC bus
in a residential microgrid application. Since the energy storage system in a
residential microgrid is infrequently used due to low electric energy supply
interruption indices, there are extended periods of inactivity between successive
operations. This allows the charging process to take place over a longer duration.
Consequently, the converter is designed to deliver higher power during
discharging compared to charging. The full-bridge structure is not employed

during the charging process. A passive clamping circuit is added to avoid voltage
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spikes caused by interruption of current through the transformer leakage
inductance during the turn-off process of the forward converter active switch.

K. Wang [85] achieved an extremely high voltage conversion ratio from a 12
V battery stack to a 288 V DC bus through a six-switch BDC converter as
depicted in Figure 2.10 (d). A clamping circuit is added to limit the peak voltage
of the battery stack, enabling the use of smaller voltage-rated switches on the
low voltage side.

Figure 2.10 (e) shows a typical eight-switch dual full-bridge BDC topology
proposed in [86] commonly seen in hybrid electric vehicles and energy storage
systems. However, this topology exhibits high switching losses in high-power
scale applications. Enhanced topologies have been developed, such as the dual
full bridge BDC with auxiliary circuit shown in Figure 2.10 (f) as proposed in
[87], which enables the low voltage side switches to operate under soft-
commutating conditions during boost mode operation.

Figure 2.10 (g) [88] illustrates the topology of a dual active bridge (DAB) converter.
This converter employs a compact high-frequency transformer and operates at a high
switching frequency, enabling it to achieve high power density. This design
significantly reduces the overall size and weight while providing galvanic isolation.
However, the DAB converter requires a greater number of active components, which
increases its cost. Additionally, it exhibits high input and output current ripple, and its
soft-switching capability is limited to a specific operational range.

Figure 2.10 (h) [89] depicts a bidirectional isolated LLC converter. The LLC
converter maintains soft switching across a wide load range, ensuring consistent
efficiency and performance. This converter features two distinct resonant frequencies:

one determined by the resonant inductor L, and resonant capacitor Cy, and another
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determined by the combination of the magnetizing inductance Ly, resonant inductor L,

and resonant capacitor Cy.
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Figure 2.10. Examples of isolated BDCs.

2.3.3. Review of electric water heater system

According to the investigation conducted by the Association of Plumbing &
Heating Contractors Ltd [91], there are currently three main types of water heater
systems in use in the UK: open vented, unvented, and instantaneous, as depicted
in Figure 2.11.

1. Open vented water heater system: This system comprises a hot water
cylinder, a cold-water storage cistern (tank), special pipework, and a boiler (heat
resistor) serving as the heat source. The hot water cylinder is typically located in
an airing cupboard or loft space. Cold water is heated by the gas boiler and stored
in the cylinder until needed. The electric heater resistor is integrated in the tank.
This system is characterized by its reliance on gravity to deliver hot water to taps

and showers.
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2. Unvented water heater system: Unlike the open vented system, the unvented
system utilizes only one water tank to heat cold water and provide hot water to
various outlets. Due to the higher working pressure, an expansion vessel is
integrated to remove pressure from the system. An additional immersion heater
serves as a backup to the main boiler or is used independently, especially during
summer months, ensuring continuous hot water supply in case of boiler failure
or when higher power heating is required.

3. Instantaneous water heater system: This system is designed to rapidly heat
cold water to a usable temperature without the need for water storage. In the
electric version, cold water is typically heated using a high-power immersion
heater or other similar electric heating method. The hot water is then
immediately diverted to the hot water outlets throughout the home.

Each of these water heater systems has its own advantages and considerations,
depending on factors such as household size, water usage patterns, and available

space for installation.
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Figure 2.11. The diagram of three types of electric water heater system.
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To improve the PV self-consumption rate, a controllable water heater working
in conjunction with a hot water cylinder to implement heat energy storage has
become a very popular approach, proven also by the availability of commercial
products on the market [92] [93]. A conventional electric hot water boiler
consists of a plunger resistive heating element connected to the AC supply via a
thermostat to control the temperature inside the hot water [94]. To meet higher
power demands, additional resistive loads (such as three resistors) are connected
in parallel, with each resistor requiring a dedicated switch for control. However,
this needs a more complex control to connect all 3 resistors to the AC supply
usually using electronic sensing and relays. It is possible to control the
connection/disconnection of each of the three resistors individually which would
offer a possibility to vary the dissipated power in steps but this would involve an
even more complex control circuitry but these products need to be specially
programmed to initiate the process of heating of water when excess PV power is
available and even then, will frequently result in mismatch between dissipated
power into the water cylinder and PV excess with only a minimal financial gain
for the user.

When a solid-state switch is turned on at points other than the zero-crossing of
the voltage waveform, it can generate voltage spikes. To smooth the AC voltage,
two methods are employed. (i) Zero-Crossing Switching: At the zero-crossing
point of an AC waveform, the voltage is at or near zero. Switching the relay at
this point minimizes abrupt voltage changes, significantly reducing the
likelihood of arcing across relay contacts. While this method effectively
minimizes voltage distortion, as illustrated in Figure 2.12, it has certain

limitations. Relay can only be switched on at grid voltage zero-crossing points,
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and power dissipation is calculated based on integer multiples of the half-cycle
voltage [95]. This can lead to mismatches between the energy produced by PV
generation and the energy consumed, which may be recorded differently by
utility energy meters, potentially affecting billing accuracy. (ii) Pulse Width
Modulation (PWM): This method uses semiconductor switches to connect and
disconnect the heating element multiple times within each cycle [96]. To smooth

the resulting voltage and current fluctuations, filtering components are required.
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Figure 2.12. The demonstration of relay control electric water heater. (a) The topology of relay control
circuit. (b) Relay switched on at voltage zero-crossing points.
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2.4. Review of optimal components sizing procedure

In a domestic PV power system, ensuring reliability and cost-effectiveness is
crucial for benefiting inhabitants and promoting the growth of household PV
energy adoption. Apart from selecting appropriate system technologies and
topologies, sizing system components plays a significant role in enhancing the
overall system efficiency and cost-effectiveness. Numerous efforts have been
made to explore how to optimize system components in various applications
[97]-[99]. These studies typically outline an optimization procedure, as depicted
in Figure 2.13, which includes input data, constraints, control and energy
management strategies, optimization methodologies, and objective functions.

It's evident that various factors influence the optimization results. To select the
optimal size for system components, each part of the sizing procedure needs to
be analysed in detail in the following sections. This analysis typically involves
considering factors such as system constraints, economic considerations, and
performance objectives. By thoroughly examining these factors, it becomes
possible to optimize the sizing of system components to meet the specific
requirements of the domestic PV power system while maximizing cost-

effectiveness and efficiency.
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Figure 2.13. The summary of sizing optimization procedure diagram [97]-[99].

2.4.1. Input data

In the sizing process, various data categories are essential for making informed
decisions and optimizing the design of the PV power system. These categories
include financial data, periodic data, and technical data [98], each sourced from
different documents and resources:

> Financial data

Financial data encompasses costs associated with device purchase and
installation, as well as electricity price rates. These costs can vary significantly
depending on factors such as location, government policies, and energy subsidies.
Device purchase and installation costs may differ between countries and regions
due to varying market conditions and regulations. Similarly, grid electricity
prices can vary based on usage periods, tariffs, and government policies.

> Periodic data

Periodic data includes information that varies over time, such as load

consumption, solar irradiation, and ambient temperature changes. This data can
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be collected at various intervals, ranging from short periods (minutes, hours, and
days) to longer periods (months and years). Accurate and reliable periodic data
is crucial for modelling system performance and optimizing system sizing. In
cases where real-time data is lacking, probabilistic methods can be employed to
generate realistic data.

> Technical data

Technical data is derived from the technical specifications of system
components and operational regulations. For example, PV cells and battery cells
manufactured using different materials and technologies exhibit varying
characteristics such as lifetime and efficiency. Additionally, factors such as
ambient temperature can impact the performance of devices and may need to be
considered during system design and optimization.

By incorporating these three categories of data into the sizing process, it
becomes possible to conduct comprehensive analyses and make informed
decisions regarding the design and optimization of the domestic PV power
system.

2.4.2. Design constraints

In ensuring the safety and reliability of the power system, several design
constraints are employed for the selection and operation of system components.
These constraints help maintain a balanced and stable system operation while
adhering to regulatory requirements and practical limitations:

1. Power Balance: The power balance between sources (such as PV panels)
and loads (such as household appliances) is a crucial design constraint [100]. In
distributed networks, there may be restrictions on the level of exported/imported

power based on local grid regulations. Domestic PV applications are often
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constrained by factors such as available roof space for PV panel installation, roof
shapes, and surrounding obstructions like trees, which can impact PV generation
capacity.

2. Battery Constraints: Constraints associated with batteries include
parameters such as state of charge (SOC) and charging/discharging rates [101].
Managing these constraints effectively ensures the optimal utilization and
longevity of battery storage systems.

3. Financial Budget: Financial considerations play a significant role in system
optimization. Higher installation capacities of PV panels, larger battery storage
capacities, and increased power sizes of converters can impose a heavier
financial burden on residents [102]. Optimizing system components within
budgetary constraints is essential for ensuring cost-effectiveness and
affordability.

4. Device Ratings: The maximum power transferred by circuit devices such as
converters and inductors must remain below their rated power levels to avoid
hazards and damage. Adhering to device ratings ensures safe and reliable
operation of the power system under various operating conditions.

By considering and adhering to these design constraints, engineers and
designers can develop PV power systems that are safe, reliable, and cost-
effective, meeting both technical requirements and financial considerations.

2.4.3. Control and energy management strategies

Proper control of a PV household power system with multiple energy sources
(such as solar and grid) and energy storage (including batteries and a power
electronic water heater system) is essential for achieving system reliability and

improving operational efficiency. Maintaining a balance between energy/power
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generation and consumption is critical, necessitating an effective power control
or energy management strategy that allocates active and reactive power
appropriately across the system components while ensuring that voltage and
frequency levels are maintained within specified ranges.

The energy management structure typically consists of three main approaches:

centralized control, distributed control, and hybrid control, as depicted in Figure

2.14 [103].
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Figure 2.14. The summary of the schematic diagram of centralized, distributed and hybrid control.

(c) Hybrid control

> Centralized control

In centralized control [104][105], a single centralized controller is responsible

for managing the operation of the entire power system. This controller receives
data from various system components and makes decisions regarding power
generation, distribution, and consumption based on predefined algorithms and
control strategies. Centralized control offers a high level of coordination and

optimization but may be less flexible and scalable than other approaches.
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> Distributed control

Distributed control involves delegating control functions to individual
components or subsystems within the power system. Each component or
subsystem has its own controller, which makes localized decisions based on
local measurements and communication with neighbouring components.
Distributed control offers greater flexibility and scalability compared to
centralized control, as it can adapt to changes in system conditions and
accommodate diverse operating scenarios more effectively [106][107].

» Hybrid control (the combination of centralized and distributed)

Hybrid control combines elements of both centralized and distributed control
approaches, leveraging the strengths of each to achieve optimal system
performance [108]. In a hybrid control system, certain control functions may be
centralized for coordination and optimization purposes, while others are
decentralized to enhance flexibility and responsiveness. Hybrid control allows
for a tailored approach that balances the need for centralized oversight with the

benefits of distributed decision-making.

2.4.4. Review of optimization methodologies

In this research, the sizing of system components primarily focuses on PV
generation, converter power size, and battery stack capacity. While a simple
approach to component selection involves oversizing all components to provide
a safety margin for system requirements, this method often results in
unnecessary waste in terms of device capital costs. To improve cost-
effectiveness while meeting design requirements, optimization methodologies
can be employed based on available statistical data about generation, load
consumption, financial parameters, system reliability, and other specific
information [110].
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Optimization methodologies aim to streamline computation while addressing
the complexity of multi-objective optimization. A variety of optimization
algorithms and accessible software tools are available for optimizing component
sizes, as analysed in [111]. These optimization algorithms can be broadly
categorized into intuitive, numerical, analytical, and intelligent methods [111].
Additionally, the reference [111] demonstrates various analysis software tools
that facilitate the optimization process.

By leveraging optimization methodologies and software tools, designers and
engineers can systematically optimize the sizing of system components,
achieving cost-effective solutions that meet design requirements.

» Optimization algorithms

In sizing system components, various methods are employed, each offering
different levels of simplicity, accuracy, and computational complexity.

1.Intuitive Methods: These are the simplest methods, often relying on basic
equations or the designer's experience to calculate component sizes. For example,
the size of the PV array and battery capacity can be determined based on the
given load demand profile, without considering the randomness of solar
irradiation or the interaction among subsystems [112]. However, intuitive
methods tend to oversize or undersize systems due to the use of average monthly
or annual data, leading to either high investment costs or suboptimal system
designs.

2.Numerical Methods: Numerical methods use simulation-based programs to
compute component sizes based on varying time-scale input data, typically
ranging from minutes to hours. These methods employ the rule of energy balance
to propose optimal sizes at the hourly input data level [113]- [115]. While

numerical methods require heavy computations, they improve accuracy by using
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smaller time intervals as input. They can be categorized into stochastic numerical
methods, which use smaller time interval data, and deterministic numerical
methods, which use daily averaged data.

3.Analytic Methods: Analytic methods are simple and accurate, utilizing
empirical relationships and mathematical models to achieve optimal sizing of
the entire system. However, computing coefficients for these equations can be
challenging as they are site-specific [116]. For example, sizing PV systems can
be conducted using empirical relationships and fitting functions derived from
time-series solar radiation data.

4. Intelligent Methods: Intelligent methods, such as artificial neural networks,
genetic algorithms, and fuzzy logic, are employed to solve complex optimization
problems. These methods can handle incomplete data while exhibiting high
accuracy and reliability, albeit requiring significant computational resources.
Artificial intelligence methods [118] efficiently overcome the nonlinearities of
optimization models and can be used to achieve global optimum results with
relative computational simplicity. For instance, genetic algorithms [119] have
been applied to optimally size stand-alone hybrid solar-wind systems.

Each method has its advantages and limitations, and the choice depends on the
specific requirements of the project, including accuracy, computational
resources, and available data.

> Software tools

Software tools play a crucial role in analysing operations, conducting techno-
economic assessments, and optimizing the sizing of PV and energy storage
systems. Several simulation software tools are available for sizing PV power
systems, including HOMER, RETScreen, HYBRID2, iIHOGA, as well as

simulation environments like TRNSYS and MATLAB.
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1. HOMER: It is a sophisticated software platform designed to facilitate the
design, optimization, and simulation of microgrids and distributed energy
systems. Initially developed at the National Renewable Energy Laboratory
(NREL) in the United States, HOMER (Hybrid Optimization of Multiple Energy
Resources) is now widely used across industries for assessing energy systems
that integrate various energy sources such as solar, wind, batteries, and
conventional generators. The key features include: (1) Hybrid system
optimization: HOMER models hybrid systems that combine renewable and
non-renewable energy sources. It evaluates the technical and economic
feasibility of integrating these sources. (2) Simulation and sensitivity analysis:
HOMER simulates the operation of energy systems over a defined time period
(e.g., a year) and performs sensitivity analysis to examine how uncertainties like
fuel prices, load demand, and resource availability affect performance. (3)
Economic Analysis: The software calculates key financial metrics such as net
present cost (NPC), levelized cost of energy (LCOE), and return on investment
(ROI), enabling stakeholders to make informed investment decisions. (4)
Flexibility: HOMER supports various configurations, from isolated off-grid
systems to grid-connected setups, allowing users to design tailored solutions for
different environments and objectives.

2. RETScreen: It is a powerful clean energy management software tool
developed by the Government of Canada, under the leadership of Natural
Resources Canada (NRCan). It assists decision-makers in assessing the financial
viability, energy performance, and environmental impact of energy projects.

RETScreen is widely recognized for its user-friendly interface and robust
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analytical capabilities, making it a global standard in clean energy feasibility
analysis.

3. HYBRID2 is an advanced simulation tool designed for modelling and
analysing hybrid renewable energy systems. Developed by the University of
Massachusetts at Amherst Renewable Energy Research Laboratory, HYBRID2
provides detailed insights into the performance and economics of systems that
integrate multiple energy sources, such as wind turbines, solar panels, diesel
generators, and battery storage. HYBRID2 emphasizes system performance
under real-world conditions by incorporating stochastic (random) variability in
its modelling, making it particularly suited for assessing hybrid systems in
dynamic environments.

4. iIHOGA (Intelligent Hybrid Optimization by Genetic Algorithms) is a
specialized software tool developed for the design, simulation, and optimization
of hybrid renewable energy systems. Created by the University of Zaragoza,
Spain, iIHOGA leverages advanced genetic algorithms to optimize system
performance and minimize costs. Its ability to handle complex, multi-objective
optimization problems makes it a preferred choice for researchers and engineers
aiming to design cost-effective and environmentally friendly hybrid systems.

5. TRNSYS (Transient System Simulation Tool) is a versatile software suite
for simulating and analysing transient systems, particularly in the fields of
energy systems and building performance. Developed originally by the Solar
Energy Laboratory at the University of Wisconsin-Madison, TRNSYS is widely
used in academic research, engineering design, and consulting for projects
involving renewable energy systems, HVAC systems, and building energy

performance. It uses a modular approach, with each component (e.g., solar
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panels, wind turbines, HVAC units, or buildings) represented as a separate
"Type." Users can combine these components to create custom system
configurations. TRNSY'S also allows users to modify or create new components
using programming languages like Fortran or Python, ensuring flexibility for
specialized applications.

6. MATLAB: MATLAB (short for Matrix Laboratory) is a high-level
programming environment and computing platform developed by MathWorks.
It is widely used for numerical computation, data analysis, visualization, and
algorithm development. MATLAB provides a comprehensive, flexible, and
efficient environment for conducting economic analyses of renewable energy
systems. Its ability to combine technical simulations with financial modelling,
optimize system performance, and present results clearly makes it an invaluable
tool for researchers, engineers, and policymakers.

A review conducted by Sunada Sinha and S.S. Chandel [120] assessed 19
software tools, highlighting their main features, status, and areas for further
research. This review provided valuable insights for researchers to select and
utilize the appropriate software tool for their needs. For example, HOMER is
widely used and user-friendly, offering quick prefeasibility, optimization, and
sensitivity analysis across various system configurations. However, it has
limitations such as allowing only a single objective function, disregarding
battery depth of discharge, intra-hour variability, and variations in bus voltage.

Additionally, software environments like MATLAB-Simulink provide the
flexibility to develop personalized optimization tools tailored to specific

research requirements [121]. By leveraging such platforms, researchers can
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create customized optimization tools that address specific system constraints and
objectives.

While simulation software tools offer valuable capabilities for system analysis
and optimization, it is essential to consider their limitations and areas for
improvement. Continued research and development efforts are necessary to
enhance the functionality and accuracy of these tools, ensuring they meet the

evolving needs of the renewable energy industry.

2.4.5. Objective functions

Objective functions play a crucial role in optimization algorithms, guiding
them to either maximize or minimize specific criteria. These functions can vary
depending on the goals of the optimization problem and can be categorized into
financial and technical objectives [98].

» Financial objective functions

Financial objective functions focus on the economic aspects of the renewable
energy system. They typically involve factors such as the purchase, installation,
and maintenance costs of devices, as well as potential profits generated from
selling excess energy back to the grid [122]. Subsidies and feed-in tariffs may
also be considered to evaluate the overall cost-effectiveness of the system over
its lifetime.

» Technical objective functions

Technical objective functions are concerned with system performance and
efficiency. These functions may include metrics such as the grid-independence
rate, total losses during system operation, dumped energy, and carbon emissions.
The grid-independence rate reflects the system's ability to meet its energy
demands without relying heavily on the utility grid. Efficiency can be assessed
by calculating the ratio of total losses to total imported energy. Dumped energy
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refers to unused renewable energy that could not be stored or utilized efficiently
[123]. Lastly, carbon emissions are evaluated to understand the environmental
impact of the system, particularly in comparison to grid-supplied energy
generated from fossil fuels.

By defining and optimizing these objective functions, researchers and system
designers can effectively evaluate and improve the performance, cost-

effectiveness, and environmental sustainability of renewable energy systems.
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2.5. Challenges for the household PV power system
optimization

Indeed, optimizing PV and energy storage systems for residential use poses
several challenges, as outlined in recent papers [98][111]. Firstly, local weather
conditions significantly impact PV generation, while household loads profiles
vary among different houses/families. Obtaining accurate data for each house on
an annual scale is challenging, often leading to the use of hourly or daily data for
simulations. Developing accurate simulation methods that balance simplicity
and accuracy is crucial for optimization.

Secondly, the characteristics of electronic devices vary between brands,
making it difficult to create accurate models for power system components.
Models must closely reflect real-world performance while balancing calculation
time and convergence [124].

Thirdly, varying electricity price tariffs necessitate new energy management
strategies to optimize power flow among subsystems. For instance, charging
batteries during low-price periods and discharging during high-price periods
requires determining optimal pre-charge levels.

Moreover, changes in government policies, local regulations, and electricity
prices can significantly impact optimal system designs. Reductions or
cancellations of renewable energy subsidies may increase costs for residents,
requiring adjustments to financial objective functions.

Addressing these challenges requires interdisciplinary approaches,
incorporating advanced modelling techniques, innovative energy management
strategies, and adaptive optimization algorithms. By overcoming these hurdles,
researchers can develop more robust and cost-effective residential PV and
energy storage systems.
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2.6. The gap aiming to be improved by this study

The author highlights several gaps and areas for improvement in existing
research on residential PV power systems. Firstly, most studies focus on one PV
application scenario without comparing them to other scenarios, limiting the
understanding of system performance across different setups. Secondly, the
impacts of various parameters, such as charging/discharging patterns, and
technical constraints, on optimization results are not thoroughly explored.
Therefore, in this thesis, four types of PV application scenarios are compared.

Additionally, the water tank serves the purpose of storing excess PV energy
and a novel power electronic system to provide fine-tuned voltage to the power
resistor is accommodated. This innovative power electronic system is designed
to allow the transfer of the excess PV energy into the hot water cylinder for
storage and to cancel/compensate for current harmonics produced by nonlinear
household appliances to result in a harmonic free current drawn from the grid.
The effectiveness of this system is verified through an experimental prototype.

To address these gaps, the author built a comprehensive residential PV power
system integrated with battery storage and the power electronic water heater
experimental prototype. This system will undergo experimental and simulation
validation to verify its performance and effectiveness.

By addressing these areas, the research aims to provide valuable insights into
the optimization and design of residential PV power systems with integrated
energy storage, facilitating their widespread adoption and enhancing their

efficiency and cost-effectiveness.
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2.1. Summary

In this chapter, the topology of the entire PV power system is outlined, starting
with a thorough review of each subsystem: energy storage technologies, PV
inverters, battery chargers, and electric water heaters. Following this, the
optimization procedure for proposing a cost-effective household PV power
system is detailed, including a step-by-step description of each stage. Lastly, the

research identifies gaps that this thesis aims to address.
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Chapter 3: Sizing procedure for the domestic PV
energy application

The main objective of this chapter is to design a procedure to determine and
optimize a cost-effective domestic photovoltaic (PV) power system with
embedded storage. The optimization components include the capacity of PV
generation (peak output power), converter rated power which in this study may
be smaller than the peak power of PV string and the energy capacity of the
battery. A rule-based approach integrated with numerical data processing (called
as hybrid method) is employed to formulate the optimization problem. To
identify which scenario can provide the maximum financial benefits, a case
study of a domestic PV power system situated in UK and evaluated under
different operation scenarios is researched in this thesis. The case study utilizes
the PV generation and load consumption dataset, the electricity tariff input, the
power loss models of the converter and battery, and a thermal model of the hot
water tank to produce the optimized component selection results.

In this chapter, each scenario is first described, followed by presentation of the
input data collection. Then, the power loss models for the battery and converters,
as well as the thermal model of the hot water tank, are estimated. Finally, the
optimization objective functions (the financial benefits and PV utilization rate)

are presented to produce the optimal design results for the study case.
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3.1 Common limitations for all scenarios/cases

There are some system limitations considered for all scenarios/study cases, as

follow:

All examined scenarios consider a British domestic grid-connected
power system. In this study, the PV generation and loads consumption
profiles are collected from the CREST demand model version 2.2 [125]
which is established and validated by the Loughborough University. It is
an integrated thermal-electrical demand model based on a bottom-up
activity-based structure, using stochastic programming techniques to
represent dwelling diversity, producing calibrated and validated output
profiles at high-resolution. More details can be seen in Appendix A. Thus,
any findings may not be applicable to systems outside the UK or to
standalone power systems, although the design principles and procedures
could be extrapolated if a representative input dataset would be available
The design methodology is used for the single residential house case
only, and the results are not representative for commercial or public
facilities, like supermarkets, schools, and hospitals, etc, although with a
representative input dataset and application specific rules, it should be
possible to extend the findings also to these cases.

Typically, the DC/DC converter implementing the maximum power
point tracking (MPPT) function is designed with a hard limit for the
maximum current it can draw from the PV string and a given voltage
range for both the PV string and the inverter DC link which means that
indirectly the power is also limited. The DC/DC converter for the MPPT

control is not optimised in this thesis.
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The PV inverter assuming it delivers power to a constant AC voltage
grid, is limited by its rated power.

The roof surface for domestic PV installation capacity is limited. To
expand PV installation capacity, permission is needed from the
Distribution Network Operator (DNO) for residential PV systems with
export power over 3.6 kW. However, this aspect is not considered in this
study.

The demand side management concept is not applied in the study.
Hence, the everyday habits of occupants remain unchanged. Instead,
dedicated energy management strategies or energy storage technologies
are employed to satisfy the electricity consumption behaviour of
residents.

The only available renewable energy source is the solar energy which
is produced from the roof-top PV panels. The electrical power grid is
used only in last instance when the battery and the hot water tank are
fully charged, or electricity is imported when PV power and battery
energy are not available.

Batteries and hot water tank are considered as the energy storage
devices in this study. As the most developed energy storage technology,
batteries are widely used in renewable energy storage applications,
including at the residential level. Additionally, hot water tanks are
commonly used to store hot water for household use. The water in the
tank can be heated by PV-generated electricity, grid electricity, or natural

gas.
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This study considers only the lithium-ion battery as the only considered
battery energy storage technology.

The Economy-7 is the only ToU (time of use) tariff applied in this study.
It is a pricing plan that distinguishes between peak and off-peak hours
for electricity use. This plan is designed to encourage consumers to use
electricity during times when it is more abundant and cheaper. In the
future it is expected that more complex ToU tariff schemes will be
developed, or the prices may be changing more dynamically as a result
of excess large-scale renewables.

The size of the hot water tank is predetermined and selected to
accommodate the number of occupants in a single household: 86 liters
for 2 occupants, 111 liters for 3 occupants, and 161 liters for 5 occupants.
Any subsidy or financial support from the public or government is
ignored in this study since the future of new similar projects will likely
not benefit from any government incentives.

The excess PV energy sold to the grid via the feed-in tariff is not
considered in this study. There are several reasons for this: 1) Policy
effects: The UK government cancelled electricity feed-in tariff scheme
for the new built PV household applications in 2019 [126]. Instead, the
price of electricity sold into grid depends on the market which causes the
returns more unpredictable. 2) The grid capacity constraints: The grid has
a limited capacity to handle power inflows, especially for distributed grid.
the curtailment of PV generation may be necessary to avoid overloading
the grid. 3) The grid balancing requirements: Grid operators need to

balance supply and demand in real-time. During periods of low demand
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and high PV generation, curtailment helps maintain this balance and
ensures a stable and reliable electricity supply. 4) Market conditions: The
price of electricity sold to the grid is often significantly lower than the
price of electricity purchased from the grid, making selling excess PV
energy less attractive. For example, according to the Ofgem data [127],
in the early of 2024, the feed-in tariff is about 7.14 p/kWh while the
average price of electricity bought from the grid is 24.5 p/kWh. 5)
Additional energy meter needed: An extra energy meter is needed to
record how much energy sold which increases the capital cost. 6) Energy
storage system applied: Energy storage can help mitigate PV generation
curtailment.

The effects of DC bus voltage variations and grid frequency
fluctuations on the optimization are not considered.

In this study, the main energy losses considered are the losses associated
with converters and battery Ohm losses. Transmission losses caused
by line distribution resistance are excluded due to the relatively short
transmission distances involved. For converter losses, simplified energy
loss models are used, including standby losses, switching losses and
conduction losses, magnetic losses, and copper losses. Regarding battery
losses, only Ohmic losses caused by the battery charging/discharging are

considered.
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3.2. Steps of the optimal sizing procedure

The detailed steps of the optimization procedure are illustrated in Figure 3.1.
These include:

1. Identification of Study Scenarios/Cases: This step involves identifying the
different scenarios or cases to be studied. It includes defining the aims and
objectives, power system topology structure, power flow, action priority, and
any additional constraints necessary to meet the requirements and specifications.

2. Input Data Collection: Input data is primarily collected from CREST model,
websites and current research materials.

3. Modelling of System Components: Models for each system component are
built. For each device model, constraints such as power and voltage limits and
efficiency are derived from technical datasheets and design requirements.

4. Definition of Objective Functions: The objective functions are defined to
encompass both technical and financial aspects of the system.

5. Monitoring and Analysis: The proper functioning of each study case is
validated by monitoring and analysing the outcomes.

6. Programming and Simulation: Optimization codes are programmed, and
simulations are processed on the MATLAB platform. In the study case, this step
provides optimised results for customers to purchase a specific set of PV panels,

battery stacks, and converters to achieve the financial benefits.
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Identifying Different Scenarios/ Processing Optimization
Cases Simulation

Input Data Collection Examining Each Scenario/Case

Modelling System Components ‘l Defining Objective Functions

Figure 3.1. Steps of the optimal sizing procedure.

3.3. Identifying different study scenarios/cases

The initial capital investment in devices, a system fixed cost (like installation
fee) and the cost of electricity from the utility grid are the main financial cost for
end-users when solar energy is applied at the domestic level. This study
investigates four scenarios:

1. PV Self-Consumption Scenario: In this scenario, the focus is on using PV-
generated electricity directly for household consumption, while the hot water
energy consumption is not considered here.

2. PV-Battery Storage System Scenario: This scenario examines the use of a
battery storage system alongside the PV system to store excess PV energy for
later use or the PV generation is limited if the battery is fully charged.

3. PV-Power Electronic Water Heater System Scenario: This scenario
involves using PV-generated electricity to power an electronic water heater
during peak hours, while the grid electricity can be used to heat water in the

water tank during off-peak hours.
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4. PV-Battery-Power Electronic Water Heater System Scenario: This scenario
combines PV generation, battery storage of a smaller size than that in scenario
2, and a power electronic water heater to maximize financial benefits.

Each scenario has some common and specific constraints, specifications, and
requirements. To quantify the financial benefits of each scenario for a single

household, the detail of each scenario is described individually.

3.3.1. PV self-consumption scenario

Due to the closure of the electricity feed-in tariffs scheme for newly built PV
household applications by the UK government in 2019, which was paying the
prosumer households significantly more for the kwWh exported in the grid, it is
more economically convenient for the generated PV energy to be consumed
locally by household load in this scenario and minimise exports by matching the
size of the PV system with the load profile.

a) The aim of this scenario

The main aim of this scenario is to optimize the size of PV generation (peak
PV power output) and PV inverter rated power size to build a cost-effective
domestic PV power system.

b) Basic structure and power flow

The system block diagram of this power system scenario is shown in Figure
3.2. It consists of PV panels, DC/DC boost stage (not optimised in this thesis),
and PV inverter. The PV panels are interfaced with grid through the DC/DC
boost stage and PV inverter. The DC/DC boost stage is applied for extracting
maximum power point (MPP) of PV generation or outputting a specific power
[128] [129] to satisfy the household loads consumption. As the interface port
between DC bus and AC grid, the PV inverter transfers the PV power to the

house loads and synchronized with power grid. However, due to the randomness
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of PV generation especially in countries like UK where cloud cover changes very
dynamically during the day, and the custom variations of end-user electricity
consumption, the PV generation sometimes can only supply a proportion of
loads demand where the remaining power deficit of loads demand can be
imported from grid. Commonly, there are two essential parameters used to
describe the characteristics of this scenario: self-consumption rate and self-
sufficiency rate [130]. The self-consumption rate (also called PV utilization rate
in this thesis) is the self-consumed part relative to the total production while the
self-sufficiency rate is the degree to which the on-site generation is sufficient to
fulfil the energy needs of the building. In this thesis, the PV utilization rate for
one week is calculated to evaluate how much of PV energy is consumed.

Power Power
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PV Outp C gri
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Figure 3.2. The schematic diagram of residential PV self-consumption scenario.

c) Constraints

Additionally, given that feed-in tariffs are significantly lower than the grid
electricity price, it is preferable to store excess PV energy in a battery stack or
water tank rather than selling it to the grid once the load demand is met. Thus,
in this thesis, excess PV energy is considered to be consumed by loads, stored in
a battery or water tank, or curtailed (which should happen rarely).

To align with other scenarios, there is no energy storage device, and no PV
energy is sold to the grid in this scenario. The only constraint limiting the PV

power transmission capability is the rated power of the PV inverter.
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1. Converter power rating: There are two converters that are considered in this
scenario: the DC/DC boost converter that performs MPPT and the PV inverter
delivering the DC power to the AC grid. However, due to varying conditions
such as imperfect inclination of the roof, cloud movements, sunlight irradiation,
and temperature changes, the output power of PV panels rarely reaches its peak
power. This can lead to inefficiencies, which happen when a larger rated
converter processes lower power levels but also has financial implications since
the larger rated power converter costs more. In this study, only the PV inverter
rated power is subject to optimization, while the power of the DC/DC boost and
MPPT stage is always selected to match the PV panels' peak output power level
to always be able to capture all PV power generation.

2. Relative Sizes of PV Generation and Load Demand: The PV self-
consumption rate (PV utilization rate) is not proportional to PV generated
energy/power. As PV power generation increases relative to demand, the self-
consumption rate tends to decrease, even when the total PV energy produced is
high. This is because there are more instances when PV production exceeds
immediate household demand, leading to potential excess PV generation that
cannot be utilized without storage leading to PV excess power to be exported to
grid or lost. Therefore, the PV peak power generation should be designed in close
connection to the actual power demand profile.

3. Time Resolution: In many studies, discrete data series of average power
generation and demand are used as input data for optimization, typically hourly
values. Low-resolution data tends to overestimate self-consumption, as transient
mismatches between generation and loads are averaged out and not be captured

[131]. Therefore, optimal time resolution of the input data should be considered.
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3.3.2. PV-battery energy storage scenario

A significant limitation to improving the residential PV self-consumption rate
is the power mismatch between load demand and PV generation. Two methods
are commonly used to enhance the PV self-consumption rate: energy storage and
load management. Energy storage devices can store excess PV power and energy
making possible for loads to use stored PV energy in periods of time with no PV
power availability, while load management can shift the timing of load
power/energy use to periods when PV generation is sufficient. This combination
helps to better match power and energy PV production with load consumption,
thereby enhancing the PV self-consumption rate and reducing reliance on grid
electricity.

In this scenario, a lithium-ion battery is used as the preferred energy storage
device. The battery can store energy from excess PV power generation (daytime)
or purchased from the grid during night/low off-peak tariff periods. This stored
energy can then be released to supply household loads when needed during peak
time, thereby improving the PV utilization rate or lowering electricity costs.

a) The aims of this scenario

The main aim of this scenario is to optimize three key components: PV
generation capacity (peak power of PV string), PV inverter rated power, and
lithium-ion battery stack stored energy rating. This optimization is focused on
maximizing the economic profits of the domestic PV-battery power system. By
efficiently sizing these components, the system aims to minimize grid electricity
purchases during peak tariff periods and enhance overall economic benefits for
the household, such as highest return for lowest investment by maximizing the

savings on the electricity bills.
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b) Basic structure and power flow

The schematic diagram of this scenario is depicted in Figure 3.3. Building
upon the residential PV system shown in Figure 3.2, an additional battery energy
storage system is integrated, consisting of a bidirectional DC/DC converter
connecting the battery stack to the DC link of the PV inverter. Here is how the
system operates:

1. Daytime Operation:

1) PV generation initially supplies power to meet part or full household load
consumption.

2) Any surplus PV power not immediately consumed by loads is stored in the
battery stack.

3) The battery can discharge stored energy to cover PV-load power deficit
during periods when PV generation reduces or to meet additional household load
power demand, as needed.

2. Grid Interaction:

If the combined PV-battery system cannot fully meet household energy
demands, any shortfall is supplemented by importing grid electricity.

3. Off-Peak Charging:

During off-peak hours when electricity tariffs are lower, the battery stack can
be recharged to a preset state of charge (SOC) level. This stored energy is then
available for use early next day during peak tariff periods, before PV generation
rises to a suitable level to facilitate more energy cost savings.

4. PV Generation Control:

The PV generation is primarily used to meet the load demand. Any excess PV
generation is then stored in the battery stack, which can be used when PV

generation is insufficient to meet the load consumption during peak hours.
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Finally, if the load demand is met and the battery stack is fully charged, the PV

generation is curtailed.

| Battery Stack I
DC/DC
Converter
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Figure 3.3. The schematic diagram of residential PV-battery power system.
¢) Constraints

Based on the constraints in the only PV self-consumption scenario, the extra
constraints caused by battery energy storage system are proposed in this scenario.

1) The maximum current rating of bidirectional DC/DC converter and the
stack voltage range. The bidirectional DC/DC converter has a hard limit for the
maximum battery current that it can process which in conjunction with a given
voltage range, will limit the power flow between DC bus and battery stack.

2) The battery charging and discharging current rates and the state of charge
(SOC). To avoid damaging the battery or reducing its lifetime, the battery
asymmetric charging and discharging current (typically 7,4.=0.5-2 C;
Liischarge=1-5 C) [132] is always limited. In many types of batteries, the full

energy stored in the battery cannot be fully used without causing serious and

irreparable damage to the battery. As battery SOC depends on the actual battery

69



stack voltage and nominal capacity in amp-hours, the relative capacity will be
used which represents the percentage of actual capacity (Ah) relative to the
nominal Ah of the battery.

These constraints are pivotal in designing and implementing a battery energy
storage system that optimizes self-consumption of PV-generated electricity

while ensuring the longevity and reliability of the storage system.

3.3.3. PV-power electronic water heater power system
scenario

Domestic water heating represents a significant portion of total household
electricity consumption that places considerable strain on the utility grid. This is
primarily due to high power demands and the unpredictable nature of hot water
usage patterns among users. Therefore, storing surplus PV energy in a hot water
cylinder proves to be a crucial and effective strategy whilst requiring negligible
investment.

a) The aims of this scenario

In this study, the primary objective of the scenario is to optimize PV generation,
PV inverter power size and determine the optimal power size for the converter
used to adjust the power dissipation of the electric water heater. The overarching
goal is to maximize financial benefits through increased self-utilization of solar
energy. Key aspects of this aim include:

1. Selecting the Optimal Converter Power Rating: The converter, which
interfaces the PV system and the electric water heater resistor, plays a crucial
role in managing this additional power flow. Determining the optimal converter
power size involves balancing factors such as the maximum power output of the
PV system, the heating requirements of the water heater, and power control

accuracy.
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2. Maximizing Economic Benefits: By effectively utilizing PV-generated
electricity to meet the heating demands of the water heater, economic benefits
are realized in several ways:

1) Reduced Energy Costs: Minimizing the purchase of grid electricity at peak
tariff by using solar energy directly for heating water reduces utility bills.

2) Increased Self-Consumption: Enhancing the self-consumption rate of PV
energy ensures that more of the electricity generated on-site is utilized rather
than exported for a low rate or wasted.

3) Improve Return on Investment (ROI): Increased use of solar energy can
improve the return on investment in PV systems, as savings from reduced energy
costs accumulate over time.

b) Basic structure and power flow

In the schematic diagram illustrated in Figure 3.4, A converter is connected to
the DC Dbus to transfer excess PV power to the electric heating resistor. This
allows for effective utilization of surplus PV energy to heat water in the tank
without incurring energy losses from the PV inverter.

Research conducted by P. Armstrong [133] highlighted significant energy
losses in both stainless steel and copper hot water tanks over a 24-hour period,
despite the use of effective thermal insulation materials. Moreover, the
introduction of cold water into the tank during hot water to replace usage of hot
water can cause a rapid drop in water temperature. Therefore, managing heat
loss dissipation from the tank and heating water during periods of excess PV
energy availability are crucial to maintain adequate hot water temperatures.

In this study, the operational strategy involves:

1. Off-Peak Hours Operation: During off-peak hours, cheap grid electricity is

directed via the PV inverter to main DC link and from there via the DC/DC
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converter into the heating resistor, to heat the water in the cylinder. This ensures
cost effective use of grid energy when electricity rates are lower.

2. Peak Hours Operation: Excess PV generated power available during peak
sunlight hours is stored in the water tank. This surplus energy is utilized to heat
or ensure the temperature of the water for usage, reducing reliance on grid-
supplied electricity and maximizing self-consumption of PV generated energy.

3. Priority on PV Energy Utilization: The power electronic water heater system
prioritizes consuming excess PV energy over limiting PV generation through the
DC/DC MPPT boost stage. This approach minimizes energy waste and ensures
more efficient utilization of available PV power.

Power Power

DC/AC AC grid
Inverter

PV Output

Power Power

DC/DC
Converter

Power Loads
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Figure 3.4. The schematic diagram of residential PV power electronic water heater system.
¢) Constraints

In this scenario, compared to a basic PV self-consumption setup, several
additional constraints are imposed by the power electronic water heater system.
These constraints are critical for ensuring effective operation and maximizing
the benefits of integrating PV energy with water heating:

1. Converter Power Size: The DC/DC converter plays a critical role in
regulating the power delivered to the electric heater for water heating. In this
thesis, the power rating of this converter is designed to be equal to or greater

than the power rating of the PV inverter. This is because a significant amount of
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grid electricity is used to heat water from a low temperature (15°C) to a high
temperature (90°C) in the water cylinder at low electricity tariffs during off-peak
hours. Thus, the power transmission capability of the PV inverter can be
adequately utilized. Additionally, commercial electric heaters typically integrate
three individual resistors, allowing for easy adjustment of the power rating of
the electric heater to match the power rating of the converter. Therefore, the
power rating of electric heater is not considered in this thesis.

2. Daily Hot Water Consumption and Tank Size: The amount of hot water
used daily depends on the number of occupants in the household. This parameter
directly influences the required size of the hot water tank. For instance,
households with 2, 3, or 5 occupants would require different hot water tank size
to meet their daily hot water demands satisfactorily. This consideration is crucial
for sizing the system appropriately to avoid shortages or installing excess
capacity that has higher losses.

3. Safety Regulations: Installation and operation of the hot water cylinder must
comply with safety regulations. For instance, there are specific requirements,
such as limiting the maximum temperature of stored water to 90°C to prevent
boiling. This allows the cold inlet water to be heated at a lower grid electricity
price during off-peak hours. Consequently, as hot water is consumed and cold
water is injected, the temperature of the hot water in the tank will remain high
and not drop prematurely, ensuring appropriate hot water usage for an extended
period. Adherence to these regulations ensures safe operation and reduces risks
associated with exploitation of hot water systems.

4. Cylinder Insulation Specifications: The thermal insulation of the hot water

tank's external cladding significantly affects heat dissipation. The material and
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thickness of the insulation determine the heat loss coefficient of the tank. This
parameter is crucial for accurately modelling the thermal performance of the
water heater system and optimizing energy efficiency.

In summary, these additional constraints highlight the complexity involved in
integrating PV powered water heating systems. Addressing these factors
effectively ensures that the power electronic water heater system operates
effectively, maximizes self-consumption of PV energy, complies with safety
standards, and meets the hot water demands of the household economically.
Each constraint plays a crucial role in designing and implementing a sustainable
and effective PV-integrated water heating solution tailored to specific household

requirements.

3.3.4. PV-battery-power electronic water heater power
system scenario

Since the hot water tank only stores PV energy as thermal energy and cannot
release electric energy to satisfy the household loads demand during evenings
and that a high investment cost applies to installing a large battery stack, the
combination of a smaller battery energy storage and thermal storage in the
household PV system may be a more economically convenient compared with
implementing only one of energy storage technologies individually.

Here are some key reasons why this combined approach can be beneficial:

1. Complementary Storage Capabilities: Batteries excel at directly storing and
discharging electric energy for immediate use, providing flexibility in managing
fluctuating PV generation and household electricity demand. On the other hand,
thermal storage in a hot water tank stores surplus PV energy in the form of heated
water, which can only be used later for domestic hot water needs. This
complementary storage capability allows for a more balanced and efficient
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utilization of excess PV energy throughout the day. However, the hot water
energy consumption is necessary each day. To avoid using the expensive peak
hours grid electricity, the hot water tank has the priority than battery stack to
consume excess PV energy or off-peak grid electricity.

2. Cost Effectiveness: Battery storage systems often entail high upfront costs
due to the high price of batteries and associated electronics. By integrating
thermal storage with batteries, the overall investment cost can be optimized as
the size of the battery is reduced. Thermal storage systems, like hot water tanks,
are typically more cost-effective per unit of stored energy compared to batteries
and many households have these already installed. This combined approach
allows for leveraging the cost-effectiveness of thermal storage while still
benefiting from the flexibility and rapid response of battery storage.

3. Maximized Self-Consumption: The integration of both storage technologies
enhances the PV system's ability to maximize self-consumption of generated
solar energy. To ensure the appropriate hot water temperature for usage, a
significant amount of energy is used to heat the water in the tank, especially
when hot water is consumed, and cold water is injected during peak hours. To
ensure sufficient PV energy to heat water, excess PV energy can first be stored
in the hot water tank during sunny periods. If the hot water temperature in the
water tank reaches the upper limit (80°C -90°C), the surplus PV power can then
be directed to the battery storage system. This ensures that as much solar energy
as possible is consumed on-site, as it is produced or later via the battery, reducing
reliance on peak priced grid electricity and potentially lowering overall energy

costs.
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3. Environmental Benefits: Utilizing both battery and thermal storage in a PV
system contributes to reducing overall carbon emissions by maximizing the use
of renewable energy. By storing and utilizing solar energy more effectively,
households can decrease their reliance on fossil fuel-based electricity from the
grid.

In conclusion, integrating battery energy storage with thermal storage in a
household equipped with a PV power generation system, offers a holistic
approach that balances cost-effectiveness, operational efficiency, and
sustainability. This combined strategy can maximize the economic benefits of
PV self-consumption while addressing the challenges of energy storage and load
management in residential settings.

a) The aims of this scenario

In this scenario, the aim is to optimize the integration of PV generation,
thermal energy storage (in the form of a hot water tank), and battery energy
storage within a power electronic water heater system. The goal is to design an
economical household PV power system that maximizes self-consumption of PV
generation and its economic benefits. Here are the key components that are
optimized in this integrated approach:

1. PV Generation peak power: The goal is to maximize the financial benefits
of the entire system while ensure a high PV utilization rate.

2. PV Inverter Power rating: The PV inverter converts DC electricity as
extracted by the DC/DC MPPT controller from the PV panels into AC electricity
usable by household appliances and the grid. Optimizing the inverter power
rating ensures efficient conversion and utilization of solar energy as larger

inverters will operate less efficient at lower powers and smaller inverters will

76



not deliver enough power to feed loads causing unnecessary import of peak
priced electricity.

3. Battery Stack energy rating: The energy rating of the battery storage system
determines the amount of energy that can be stored and discharged as needed. It
Is optimized based on household electricity consumption patterns, and PV
generation variability.

4. DC/DC converter power rating of battery stack and water heater: Two
different DC/DC converter that regulates the power flow between the PV system,
battery storage, and the power electronic water heater system.

b) Basic structure and power flow

The block diagram illustrated in Figure 3.5 depicts an integrated household
PV power system that combines PV generation, battery storage, and a power
electronic water storage heater system connected at the DC side. Here's a
breakdown of the operational strategy and optimization considerations outlined
in this scenario:

1. Integration of Components: The system integrates a PV array, a battery
storage system, and a power electronic water heater. These components operate
together to maximize self-consumption of PV power and the financial benefits.

2. Power and Energy Management:

1) Off-Peak Hours: Both the battery stack and the power electronic water
heater system can draw power and energy from the grid during off-peak hours.
However, the initial temperature of hot water in the water tank is quite low after
a day of hot water consumption. Therefore, the water heater system prioritizes
charging during the limited 7 hours of off-peak hours. This ensures that the water
heater has sufficient power and energy to meet hot water demand while

minimizing grid energy usage during peak times.
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2) Peak Hours: During peak solar generation hours, excess PV power is
prioritized for heating water in the tank rather than the battery. It ensures that the
hot water temperature drop caused by energy losses from the hot water tank, hot
water consumption, and cold-water injection can be compensated for first.

3. Optimized Battery Energy Rating: Since excess PV power is primarily used
for heating water, the battery stack's required energy rating can be reduced. The
hot water tank serves as a buffer for surplus PV power and energy, reducing the
reliance on the battery for energy storage during periods of high solar generation.
However, the battery stack can be charged at low electricity tariffs during off-
peak hours and then release the stored energy to reduce the expensive grid
electricity purchased during peak hours. This optimization approach lowers the
overall investment cost of the battery storage system while still maintaining
system flexibility and resilience.

In conclusion, the integrated approach illustrated in Figure 3.5 optimizes the
sizing and operation of a household PV power system by effectively combining
PV generation, battery storage, and thermal energy storage for water heating.

This strategy enhances energy utilization effectively and reduces electricity costs.
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Figure 3.5. The schematic diagram of residential PV-battery and power electronic water heater system.

¢) Constraints

Based on the integrated scenario described above, which combines PV
generation, battery storage, and a power electronic water heater system, the
specific constraints can be categorized into several key areas that build upon the
constraints discussed in previous sections 3.3.1, 3.3.2, 3.3.3. More constraints
are caused by the power and energy management strategies, such as the charging

priority.
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3.4. Input data

In this study, the optimization process for the household PV power system
integrates the dataset of the PV generation, the household loads demand, the hot
water consumption, and ambient temperature profiles. The aim is to demonstrate
that an economically optimised system can be determined and designed by
considering various factors such as grid electricity price tariffs and the unit prices

of devices involved.

3.4.1. Imported PV generation, loads demand, hot water
consumption and room space temperature profile

Due to uncertainty about which electric appliances are included in typical
household load profiles, particularly whether an electric water heater is included
and when it is on or off, the study relies on the CREST demand model version
2.2 [125] to generate realistic household electricity load demands which have
been demonstrated to be relevant for this study. This model includes a separate
electric water heater energy consumption and provides also PV power generation,
hot water consumption, and ambient temperature profiles. For both the PV self-
consumption and PV-battery scenarios, a gas boiler is assumed to be providing
hot water to ensure uniformity in household load profiles across all scenarios.

The CREST model serves as a foundational tool for modelling UK domestic
energy demands within the broader context of urban energy analysis. It
incorporates essential components of electrical demand such as lighting and
microwave ovens, integrating these in conjunction with an occupant model, PV
generation model, and thermal models that include a basic building thermal
model, hot water consumption patterns, and the operation of gas boilers. The
reliability of the model has been confirmed through validation against three
independent datasets [134]-[136].
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Given that hot water consumption varies significantly based on the number of
occupants in residential settings, the CREST demand model version 2.2 is
employed to generate consumption profiles for houses with different
occupancies (2, 3, and 5 occupants) located in the East Midlands, UK. Each
dataset includes power measurements collected weekly across all seasons
(January, April, July, and October), with a high-resolution sampling rate of 1
minute.

3.4.2. Grid electricity price tariffs

In this research, two distinct electricity pricing schemes are under
consideration: the standard energy tariff and the Economy-7 tariff. There is a
detailed explanation of each:

1. Standard Energy Tariff: Under this tariff, the price per unit of grid electricity
(kWh) remains constant throughout the day. There is no differentiation between
peak and off-peak hours in terms of pricing. Households pay the same rate for
electricity consumed regardless of the time of day.

2. Economy-7 Tariff: This tariff offers cheaper electricity rates during a
specified off-peak period, typically seven consecutive hours during the night.
However, electricity prices during peak hours are generally higher compared to
standard tariffs. The Economy-7 plan allows households to benefit from lower
electricity costs during off-peak hours, making it advantageous for energy-
intensive activities like washing, EV charging, charging battery stacks and
heating the water in the hot water cylinder for next day usage. Besides, to avoid
the impact of abnormal energy price increases attributed to the Ukraine war, the
study utilizes electricity price tariffs from 2021 instead of 2022. Annual

electricity prices from various suppliers [137]-[139] are referenced to calculate
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the average electricity price specific to the East Midlands region, as detailed in
Table 3.1. Economy-7 tariffs typically offer cheaper rates during off-peak hours
but slightly higher rates during peak times compared to standard tariffs. Besides,
in 2019, the UK government ended the feed-in tariff scheme for new installations
of household PV systems. Instead, the UK government has shifted towards
supporting renewable energy through other mechanisms such as smart export
guarantees (SEG) or time-of-use tariffs, where homeowners can receive
payments for exporting surplus electricity to the grid based on market rates or
agreed tariffs with their energy suppliers [140]. However, electricity market
fluctuations can impact the economic viability of selling PV energy into the grid,
making returns unpredictable. Thus, the electricity sold to grid is not considered
in this thesis, and more reasons can be seen in Section 3.1.

This pricing strategy allows the battery stack and water heater system to
optimize energy consumption by leveraging cheaper electricity rates during off-
peak periods under the Economy-7 tariff even without PV generation. This
approach not only helps in reducing household electricity costs but also aligns
with energy efficiency goals by encouraging consumption during periods of

lower demand on the grid.

Table 3.1. The annual average electricity prices for the standard and Economy-7.

Electricity tariff

Time

2021 Price (p/kWh)

2022 Prices (p/kWh)

Standard rate

All day (0:00-24:00)

19

30

Economy-7

Day (07:00-24:00)

22

35

Night (0:00-07:00)

11

20

3.4.3. Device price

In this thesis, the financial benefit of the household PV power system is
determined by calculating the difference between the savings on electricity bills
and the capital investment cost of system components over a specified

operational period, which is considered as 10 years [142]. The optimal design
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point for component sizing is identified where the system achieves the highest
financial benefit, balancing revenue (savings) against the initial system cost.
Since the fixed cost does not affect the selection of the maximum financial
benefit point for each scenario, a £ 300 (like installation fee of the system, etc.)
fixed cost is considered for all scenarios, which is referred from [141] and [142].
Thus, the devices installation and unit price that was used in this study is shown

in Table 3.2.

Table 3.2. Device price.

Components Price
A fixed cost [142] £ 300
Li-lion battery storage [141] 20 p/Wh
Converter cost [141] 30 p/W
PV cost [143] 70 p/Wpy,
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3.5. Modelling for system components

To ensure optimal sizing of system components within the household PV

power system, accurate modelling of each component is crucial.
3.5.1. Modelling converters

In this study, optimizing the ratings of the power electronic converters—
specifically the PV inverter, the battery charger (DC/DC converter), and DC/DC
converter for the power electronic water heater system—is crucial for
maximizing their efficiency and performance. Here is a detailed explanation of
how these converters is modelled and integrated into the optimization process:

1. Power Converter Efficiency and Dependency of Losses with Power
Rating:

The efficiency of each converter impacts the amount of power loss during
energy transmission. Power rating specifies the maximum safe power level the
converter can handle. Exceeding this rating can lead to inefficiencies and
potential damage [145] which means processed power will always be limited to
its rating.

2. Converter power losses

(1) Conduction Losses: These losses occur due to the resistance of the power
semiconductor devices (such as MOSFETSs, IGBTSs, diodes) when they are in
their "on" state. This also includes resistive losses in passive components like
resistors and wires. In the "on" state of a power semiconductor, the resistance
causes power loss. Conduction losses increase with current load, but they are
typically lower than switching losses at lower frequencies. (2) Switching losses

occur during the transition periods when the semiconductor switches between on
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and off states. It can be significant at high switching frequencies and during high-
current transitions.

(3) Magnetic losses occur in inductors and transformers, which are critical
components in many power converters. These losses arise due to the magnetic
field created by current flowing through the coils. Magnetic losses increase with
the operating frequency and size of the core, and are more significant in
transformers and inductors. (4) Copper losses occur in the windings of inductors,
transformers, and other magnetic components. These losses are a result of the
resistance of copper windings. These losses are typically a significant portion of
total losses in high-current converters, especially at high frequencies.

(5) Stand-by losses are the power consumed by the converter when it is not
actively supplying power to a load, or when the converter is in an idle state. It
includes power losses in the control circuitry, gate drivers, auxiliary power
supplies (cooling fans or monitoring circuits), leakage currents, and parasitic
elements. It is often a small fraction of the total power, ranging from a few watts
in small devices to 1-5% of rated power in large industrial systems.

The total losses of a converter are the sum of all individual loss components,
including switching losses, conduction losses, magnetic losses, copper losses,
and standby losses [147]. Extensive research has been conducted to evaluate and
analyse power losses in converters [146][147]. However, these losses are highly
influenced by several factors, such as switching frequency, current magnitude,
resistance, and other design and operating conditions.

Table 3.2 provides an overview of the typical percentage contributions of each

type of loss in a power converter. These estimates are derived from general
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assumptions, typical converter designs, publicly available materials (e.g.,

research from TI), and evaluations from publicly accessible research studies.

Table 3.2. Typical percentage contribution of each type of loss in a power converter.

Switching Conduction
Type Magnetic losses Copper losses Stand-by losses
losses losses
Percentage of total
30%-60% 10%-30% 5%-20% 5% -15% 1%-5%
power losses

3. Cut-off Power (P,.q5):

The cut-off power losses in a converter refer to the threshold where power
losses become substantial enough to affect the converter's efficiency,
performance, or operational limits. For example, standby losses, a type of power-
independent loss, become particularly significant during low-power operation,
disproportionately reducing the system's overall efficiency. By implementing a
cut-off power level, the converter avoids operating in these inefficient low-
power conditions, thereby optimizing energy utilization.

In practice, setting an appropriate cut-off power level requires consideration
of the converter's design specifications and operational requirements to achieve
the best balance between efficiency and operational flexibility.

4. Power losses model of converters

To streamline the optimization procedure, the power loss model of the
converter should be computationally efficient while accurately capturing the
converter's behaviour. Konstantina Panagiotou [144] built a linear model
between power losses and power processed. However, as shown in Figure 3.6
(adapted from study [145]), the converter's power loss behaviour remains flat at
low power levels but increases progressively as the processed power rises.
Therefore, compared with linear model, a quadratic model will have higher

accuracy to describe the power losses model, as shown in Equation (3.1). In this
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thesis, the converter models used for these three types of converters in this study
are built using the fitting parameters a, b, and c. The main limitation of this
equation is the processed power should not excess the rated power of converter.

y=ax?+bx+c (3.1)

Where y represents the power loss in [W], x is the actual power [W] processed,
and a, b are the coefficients. Especially, ¢ accounts for the standby losses of
converter which is power independently. An assumed standby losses 30W [142]

is made in this section.
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Figure 3.6. Typical efficiency characteristics of bidirectional converter. (a) converter efficiency. (b)
converter power losses. (taken from [145])

To build this equation, the amount of converter power losses at different power
amount processed should be firstly measured or simulated. Considering different
semiconductor IGBT switches utilization in the optimization procedure, the
switching power losses and conduction power losses of switches are simulated
in the PLECS software for simplicity. The simulation models of these switches
are derived from Infineon Technology. The power losses of magnetic device
(inductors) and capacitors are directly measured from the lab test setup. The
converter setup parameters can be seen in the chapter 5 in Table 5.6. Thus,
switches’ power losses can be simulated in the software while filter’s power

losses can be measured in the setup.
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This type of converter power losses evaluation method is also used in another
research [148]. Compared with conventional power losses calculation method
[147], this type of power losses evaluation method significantly reduces the
computation when processing optimization procedure in MATLAB.

Five different power sizes of converters (0.52 kW, 1.64 kW, 2.4 kW, 3.5 kW,
and 6 kW) are examined to understand their respective behaviours. Based on
CREST electricity demand data, the smallest size (0.52 kW) generally meets the
power requirements of a single household, while the 1.64 kW converter can
cover over 80% of household power needs. The 2.4 kW and 3.5 kW sizes are
sufficient for nearly all household power demands (excluding peak power
situations), whereas the largest size (6 kW) is deployed for highest peak power
scenarios.

Thus, through the curve fitting of converter power losses (DC/DC converter,
inverter, and converter for electric water heater), the coefficients (a, b, c) of the
equation (3.1) are shown in Table 3.3. To validate the accuracy of this model
methods, one example of 1.6 kW DC/AC inverter is analysed through the
comparison between data collected (simulation and experiment) and fitting
curve, as shown in Figure 3.7. At low power levels, the collected data closely
matches the curve fitting results. As the processed power increases, the
difference between the curve fitting and the collected data remains minimal.

Therefore, when calculating the efficiency, this difference can be neglected.
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Figure 3.7. Comparison between data collected and curve fitting.

The collected data and the established relationship between power losses and
power processed for three converters can be seen in Figure 3.8. And the
efficiency at different power processed is shown in Figure 3.9, where the tested
voltage is 400V DC bus, 240V grid and 300V battery stack. Besides, to avoid
inefficiency operation of converter, the cut-off power is employed. The cut-off
point is typically chosen to prevent standby losses and other inefficiencies at low
power levels from becoming dominant. In this thesis, the cut-off power is set at

converter efficiency over 70%. Furthermore, the impact of cut-off power on the

optimization is also researched in the Section 4.3.2.

Table 3.3. The curve fitting parameters for three types of converters’ power loss model.

Converte Converter for electric water
r power DC/DC converter DC/AC inverter h
eater
model
a b c a b c a b c
052kW =305 | 55e3 | 3807 | 4e5 | 0263 | 4578 | 85 | 87e3 | 3318
a b c a b c a b c
LO4KW ™o 6 | 37e3 | 36.44 | 2e5 | 123 | 4435 | 3e6 | 28e2 | 32.03
a b c a b c a b c
24KW o8 | 2203 | 3636 | 7e6 | 4le3 | 4471 | 2e6 | 18e2 | 33.43
35 kW a b c a b c a b c
) 3e-6 3.5e-3 36.03 2e-6 1.23e-2 43.71 2e-6 1.42e-2 33.52
6 kW a b c a b c a b c
3e-6 2.6e-3 35.97 3e-6 7.1e-3 43.71 2e-6 1.1e-2 33.91
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Figure 3.8. The power loss as a function of processing power level (a) Battery charger. (b) DC/AC
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Figure 3.9. The converter efficiency as a function of processing power level charger (300V battery stack,
400V DC bus and 240V grid) (a) Battery charger. (b) DC/AC inverter. (c) converter for electric water
heater.

3.5.2. Modelling battery
In this study, the modelling of the battery aims to build the function

relationship between battery voltage and state of charge (SOC). Various battery
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models exist, ranging from complex electrochemical models to simpler
mathematical and circuit-oriented models, each offering different levels of
precision and computational burden [149].

Electrochemical models are highly precise but involve solving sets of
nonlinear differential equations to describe chemical reactions, making them
computationally intensive [150]. Mathematical models simplify this complexity
by reducing the number of equations, providing adequate accuracy suitable for
specific applications [151]. Circuit-oriented models, such as voltage source-
resistance models and Thevenin resistor-capacitor (RC) networks, offer a
balance between accuracy and computational complexity, typically with
efficiencies around 1%-5% which is use to evaluate the accuracy of the model
in presenting the actual behaviour of the battery [153] [154]. 1% indicates the
model has greater accuracy than the model with 5%. Combined modelling
methods integrate aspects from different models to optimize parameters and
improve accuracy in predicting battery lifetime, SOC (State of Charge), and
response dynamics [149].

In this study, a steady state electrical equivalent model is adopted to streamline
the optimization process, given the extensive real-time data from PV generation
and household loads. The model focuses on key constraints like
charging/discharging currents, battery voltage, and efficiency. Critical to battery
safety and performance, maintaining SOC within a safe range is prioritized to
prevent damage or hazardous incidents.

The chosen modified Rin model, based on the Rin model [155], consists of an

ideal voltage source (V,.) and an internal resistance (R,,,), as illustrated in Figure
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3.10. This model effectively calculates the battery terminal voltage, crucial for

accurately simulating its behaviour under different operational conditions.

Icharging and Idischarging Icharging and |discharging

o : 13—

Rbat Rbat

erminal .
VOC Vlermlnal

Voc=Voc(SOC)

Rin model Modified Rin model
Figure 3.10. Rin model and the modified Rin model used.

The battery open circuit voltage Voc can be used to estimate SOC since the
electrochemical potential is closely related to the active material concentration
remaining in the electrodes [156]. To keep the internal resistance constant and
independent with battery SOC, the operation range of battery SOC and battery
charging/discharging frequency are limited. A comparative (lithium-ion versus
lead-acid battery) study [157] indicated that the lithium-ion battery has a very
narrow internal resistance variation within the 0.1-0.9 SOC window. In this
section, three different types of 3.6 V lithium-ions 18650 battery cell are
compared where the relationship of battery open circuit voltage V,. and
SOC level, and the internal resistance are captured from their datasheets
[158][159], as depicted in Figure 3.11. The 2Ah Molicel battery has an SOC
range of 0.1 to 0.9, supporting a maximum charging rate of 1 C and a maximum
discharging rate of 5 C up to SOC 0.8. The 2.8Ah Molicel battery operates within
an SOC range of 0.1 to 0.8, with a maximum charging rate of 1 C and a maximum
discharging rate of 3.6 C. The Panasonic 3.35Ah battery also has an SOC range
of 0.1 to 0.8, with a maximum charging rate of 0.5 C and a maximum discharging

rate of 2 C. Thus, the Rin model for 3.6 V lithium-ion battery cell can be built
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for the optimization process as shown in orange dash short-dot line in the Figure
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Figure 3.11. The relationships between V. and SOC for three different lithium-ion battery. (a) 2Ah
battery. (b) 2.8Ah battery. (c) 3.35Ah battery.

Apparently, due to relatively higher SOC range and discharging rate of 2Ah
Molicel battery cell, it is possible to install the minimal size of battery stack,
compared to other two types of battery cell. Thus, the relationship of V. and
SOC is built using equation (3.2).

Voc = 0.62 * SOC + 3.18 (3.2)

The Rin model is established based on equation (3.3) where the ohmic power
loss of this battery cell can be calculated using equation (3.3).
Vierminat = Voc — Ipat * Rpat (3.3)

Pbat_los = Ibzat * Rpqt (3.4)

Where V,,...ina1 1S the battery terminal voltage, 7, is the battery current, and
Phrat 105 1S the battery power loss, and battery cell internal resistance Ry, is

20 mQ.
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Through the connection of serval battery cells in series or parallel, a 300 V
battery stack that will be assumed as nominal stack voltage in all studies, is
assembled.

3.5.3. Modelling water cylinder

In many countries, hot water heater storage cylinder has been widely used in
residential houses and accounts for a large proportion of electricity demand. It is
more advantageous to have a hot water storage than use an instant hot water tap,
as the powers are significantly smaller, causing less disturbance on the local
distribution system; however, hot water cylinders are subject to heat loss
especially if they need to store water for long periods of times.

One approach to evaluate the potential of using the hot water cylinder for
energy storage is to simulate electricity demand via a physical model of a
cylinder together with assumed hot water usage patterns [160]. Approaches to
physically modelling hot water tanks vary. The simplest way is to assume that
the water in the cylinder is fully mixed and described by a single temperature
variable. A further complexity step may assume the thermal stratification effect
[161] considering one-dimensional model, two-dimensional model, and three-
dimensional model, which have several temperature stratifications considered in
the tank. Compared with the fully mixed model, thermal stratification models
have more accuracy but require more parameters and computations along with
the household hot water usage data. Typically, the self-reported usage date over
a specified period or a statistical approach for longer periods is used to simulate
the hot water usage [162]. In some literatures, this modelling electricity
consumption approach is validated by detailed comparisons simulated and

monitored electricity demand over short intervals for specific tanks.
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In this literature review, the main aim of hot water tank is to consume the
excess PV power to maintain constant the temperature of hot water for the
household hot water usage. However, as shown in Figure 3.12 (a), the traditional
modelling method assumes the temperature of hot water always fluctuates in a
small hysteresis controlled range [161], such as 60°C~65°C, where the
electricity consumed to heat up the water back to maximum level is from either
the grid or PV panels, which will result in expensive peak hour grid electricity
consumption (assuming consumption of hot water happens during day time and
immediately sensed by the temperature control) and limit the excess PV energy
absorption.

To reduce the electricity cost and utilize more PV energy, the off-peak grid
electricity and PV energy are taken as the hot water energy sources in this thesis.
As depicted in Figure 3.12 (b), the idea is that the water in the cylinder aims to
be heated up to a high temperature (at least 80°C) when the cheap off-peak grid
electricity or excess PV energy is available. Then, even though there is cold
water injected into the water tank, the temperature of the water in the water tank
will reduce but will always have an appropriate usage temperature (at least 40°C)
which satisfies the basic household hot water temperature needs especially after
sunset, since the water temperature for showering or hand washing is typically
among 38°C~41°C. While higher water temperatures (such as 90°C) can lead to
increased tank energy dissipation compared to 60°C water temperatures, they
can also contribute to reduced costs of grid electricity purchase. This is because
both cheap off-peak grid electricity and PV energy are used instead of expensive
peak grid electricity as energy sources for heating hot water in the tank. The

details of this process are shown as follow. Firstly, due to the cheap electricity
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price, the water in the water tank will be heated to the highest allowed
temperature like 90°C (avoid boiling) during the off-peak hours, and then only
the excess PV energy is employed to maintain a high temperature of hot water
level like 80°C during peak hours. After sunset, there is no energy imported from
the grid to heat water in the water tank. As the hot water is used and replaced by
cold-water injection, the water temperature will gradually drop but it still
remains at an appropriate usable temperature (like higher than 40°C).
Importantly, an assumption is made that the water in the cylinder is fully mixed
which can reduce the calculations but in reality, as the hot water exits the hot
water cylinder, it is expected that due to stratification, temperature of hot water

exit will be higher than average model temperature.

Water Water Upper limit
Temperature Temperature | PV applied (90C)
Upper limit /{\
I ... (65C) Limit-2
/:/ Sharp temperature (80°C)

dropping caused by

|
|
| |
| PV applied ! Lower limit : cold water inlet
! I (60°C) |
! |
Off-peak : Peak pours : ! Lower limit
hours ! | Off-peak
! ! hours i Peak houl:rs (40C)
: | | |
| I |
0:00 Sunrise (07:00) Sunset 23:59 0:00  Sunrise (07:00) Sunset  23:59
(@) (b)

Figure 3.12. Two methods for modelling daily hot water consumption.

A BREDEM procedure [163][164] [165] was established by the Energy
Saving Trust (EST) organisation to model hot water consumption (DHW) based
on the analysis of collected data derived from a real pool of approximately 120
British houses. In the analysis, four key goals were identified:

1) Measure hot water usage volume and energy consumption.

2) ldentify DWH heating patterns- time and temperature.

3) Comparison between the measured results with the BREDEM procedure

results to validate this model appropriately.
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4) Identify where in a dwelling hot water is being consumed.

In this study, in order to reduce the complexity of model and simplify
computation, the BREDEM procedure and SAP procedure were used to quantify
the amount of daily hot water consumption. Figure 3.13 shows the configuration
for hot water cylinder used in this study. As the hot water flows out to consumer,
the cold water is injected into the tank which replaces the consumed water, and
the tank remains full at any time. Three temperature sensors are mounted in the
primary immersion heater circuit, water inlet and outlet pipe respectively to
establish the hot water energy requirement, including energy stored in outlet hot
water and the energy dissipation from tank storage. Similarly, a water flow
sensor is installed in the cold-water inlet to monitor the volume/flow of water
fed in through the pipe. Thus, the volume of household hot water consumption
and energy stored in the outlet hot water are measured respectively.

Hot water outlet

Temperature

Q)
®

Water flow
sensor

Hot Water Cylinder

@ Thermal insulation layer
3 Cold water inlet

Primary circuit to Immersion
boiler resistor - T

Figure 3.13. The configuration for a typical hot water cylinder.

Besides, EST analysis results also concluded that the number of occupants was
the best variable to use for identifying the volume of hot water usage. The details
of BREDEM procedure and tank energy dissipation quantification are shown as
follow.
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BREDEM procedure for modelling daily hot water usage
amount
1. Calculate the average litres Vol per day of hot water according to

equation (3.5)

Vol = 36 + 25N

Where N is the number of occupants.

(3.5)

2. Calculate the average litres per day in each individual month (Vol,) by

multiplying Vol by the following factor, as shown in Table 3.4.

Table 3.4. The factor for calculating the average litres per day in each individual month and annual level.

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov | Dec | Annual
1.1 1.06 1.02 0.98 0.94 0.9 0.9 0.94 0.98 1.02 1.06 1.1 1.0
3. For each month, calculate the energy content of the hot water used

(E; (kWh)) as follows

E,, = Vol,,N(m)pc,,6,,/3600

(3.6)

Where N(m) is the number of days in the month. p is the density of water

(1kg/litre), c,, is the specific heat capacity of water (4.19 kJ/kg K), and 8,,, is the

required temperature rise (°C) in each month, tabulated in Table 3.5.

Table 3.5. The required temperature rise (°C) in each month and annual level.

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Oct

Nov

Dec

Annual

41.2

41.4

40.1

37.6

36.4

33.9

304

33.4

335

36.3

394

39.9

37

Notably, in this study, the model of daily hot water volume and energy

consumption is based on the annual average level. According to the BREDEM

procedure suggestion, the annual averaged water temperature rise is selected as

37 °C which is calculated from the difference between 15 °C inlet cold water to

52 °C outlet hot water. Hence, the daily hot water usage amount is 86, 111, and

161 litres for 2, 3, and 5 occupants house respectively, which is calculated by

equation 3.6, and the energy consumption amount (heating water only) is shown

in Table 3.6.
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Table 3.6. Modelling results as a function of the number of occupants

The number of occupants 2 3 5
Vol IL 86 111 161
E,,/KWh 3.7 478 6.93

Based on the previous analysis, the off-peak (00:00-07:00) grid electricity will
be the only stable source to energy to heat the water in the tank. However, the
hot water consumption happens rarely during this night period. To ensure
enough daily hot water supply, almost all daily hot water needs should be firstly
heated to temperature during off-peak night hours, and then the intermittent
excess PV energy is used to compensate the tank heat energy storage loss and
the sudden water temperature dropping caused by cold water injection that
replaces the hot water consumption. Therefore, the water tank size for 2, 3, and
5 occupants house should be designed equal at least to their daily hot water usage

volume: 86, 111, and 161 litres respectively.

e The converted hot water consumption profile

To ensure an appropriate temperature of hot water for household usage, the
temperature of hot water in the tank needs to be monitored. Thus, the profiles of
ambient temperature and hot water usage are needed which are also produced by
the CREST model. However, the CREST model exhibits different heating
behaviour compared to the method considered in this thesis, as shown in Figure
3.12 (b), with hot water temperatures fluctuating within the 50°C-70°C range.
To apply the selected hot water consumption profiles in this thesis, these profiles
need to be scaled to daily hot water consumption of 86, 111, and 161 Liters for
different occupant numbers (2, 3, and 5, respectively). Additionally, due to the
wider temperature range of 40°C-90°C considered in this thesis, the heat energy
reduction from hot water usage at each time should be equivalent to that in the

scaled CREST model. To simplify the process, the annual average hot water
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temperature rise of 37°C, as investigated by the BREDEM procedure, is used to
calculate the heat energy reduction for each instance of hot water use in the
CREST model. This approach is appropriate since the BREDEM procedure
dataset is also used in the CREST model. The converted hot water consumption
profile, based on this temperature rise, establishes the estimated hot water
consumption amount each time, as shown in Equation (3.7).

Vol,sepcy * 37 = Vol senewpPCw * (Ti—1 — 15) (3.7)

Where Vol,, is the hot water usage amount in scaled CREST model with
annual average hot water temperature rise (37 °C) considered, Vol senew
represents the new hot water usage amount after temperature conversion, T;_;
represents the hot water temperature at previous “i-1” time instant, whilst the
inlet cold water temperature is considered to be 15 °C.

Thus, the produced hot water consumption profiles have the same total energy
as the scaled 86 L, 111 L and 161 L hot water consumption profiles in CREST
model.

e The hot water cylinder heat dissipation model

The schematic diagram of hot water cylinder model is shown in Figure 3.14,
where T in, Twour> Tairi> Fepresents the cold inlet water temperature (15 °C), hot
water outlet temperature, and internal ambient temperature of room space
respectively, @..., @py represents the power from the grid and PV panels
respectively, and H;,, represents the cylinder heat loss coefficient which is
taken as a typical value of 2.8 W/K [125] for all three different size of water
cylinder (86, 111, and 161 litres). Thus, the hot water temperature of the fully
mixed model can be illustrated as equation 3.8, where the temperature of hot

water in the tank at each time can be calculated.
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Volysenew

_(Twouti—l - 15)pcw * T + Pele +

d(Twouti_Twouti—l) —
dt

Vol,,pc,,

Ppy — Hloss (Twout - Tairi) (3-8)

Volysenew/dt Hios

Twin @ Twout Tai ri

+

O =0 O

GND

Figure 3.14. Hot water cylinder model [125].

Hence, the daily hot water consumption model, along with the cylinder heat
dissipation model based on the number of occupants are established. Compared
with the tank thermal stratification model, the amount of computations and
model complexity in this approach are reduced sharply.

To validate the hot water cylinder thermal model, the hot water outlet
temperature T,,,,:, and internal ambient temperature T,;,; and the hot water
consumption amount Vol sonew 1S drawn as the Figure 3.15, where the data
comes from the CREST model. As the hot water is consumed, the cold water is
injected into the cylinder which will immediately lower the water temperature in

the cylinder.
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Figure 3.15. The thermal model of hot water cylinder validation.
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3.6. Overnight charging algorithm

In this study, both battery storage and hot water tanks are utilized to store
excess PV energy, aiming to enhance PV self-consumption rates and reduce
electricity costs for end-users. However, battery energy storage presents greater
complexity compared to hot water tank storage, particularly due to its capability
to feed energy back into the system during peak hours to meet demand.

A crucial aspect of battery energy storage is the pre-charge level, denoted as

SOC,,., which significantly influences the amount of energy available for use

during the next morning and start of the peak demand periods. This SOC,,, is
managed by an overnight charging control algorithm that is adjusted based on
daily weather conditions and next day predictions. For instance, when expecting

clouds or rain next day, the battery may be charged to a higher SOC,,, overnight

to ensure sufficient energy reserves. Conversely, during sunny weather, when
significant amount of PV excess energy will be available, the battery might be

charged to a lower SOC,,, or not charged at all overnight.

Various algorithms are applied to determine the optimal SOC

re fOI battery

storage, including constant full overnight charging, yearly optimized overnight
charging, seasonal optimized overnight charging, and weather-predicted
overnight charging. These algorithms aim to maximize the economic benefits of

the system by choosing the most efficient SOC,,.. However, due to the

unpredictable nature of weather conditions and load consumption behaviours,

accurately predicting the optimal SOC,

re CaN be challenging.

In this study, the constant full overnight charge algorithm is compared with

various SOC

e 1€Vels ranging from no overnight charging to fully charging with

103



0.1 SOC intervals across four seasons where the results are researched in the

next chapter.

3.7. Objective functions

This study aims to design optimally the size of key devices such as PV panels,
converter power size, and battery stack, based on the maximum financial benefits
of the entire system over a 10-year period. The weekly electricity costs are
defined by equation 3.9.

Cete = Eop * Dop T Ept * Dpt (3-9)

Where C,, is the weekly electricity cost bought from grid. £,, and E,,, are the

amount of electricity bought from grid at off-peak time and peak time

respectively for one week.pop and p,, are the grid electricity unit price at off-

peak time and peak time respectively.

For each scenario, to identify the most financial benefits, the electricity cost
saving using Economy-7 tariffs with and without the PV power system
installation is computed, and then the total financial benefit of the entire system
is calculated by the total electricity cost saving minus the cost of devices
installation and purchase. Therefore, the total financial benefits C,,,,; for the 10-

year period can be expressed as equation 3.10.

Ctotar = (Eln * Pop T Eq * Ppt — Cele) * 52 %10 — Zrll PE; xp; — Cfixed
(3.10)

E;,, and E;; are the weekly amount of household electricity consumption
without PV energy applied. Importantly, if the daily hot water energy
consumption is considered in the scenario, the hot water energy consumption
during the off-peak hours is considered as load consumption. To optimise the
devices size, the cost of the initial devices purchase, along with a fixed

installation fee ( Cp.q) should be considered which includes installation,
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common components, etc. The initial capital costs include the cost for converters,
PV panels, and battery stack which can be calculated by the power/energy size

of device PE; multiplied by its unit price p,. Besides, the water tank cost can be

taken as a part of fixed cost which will not affect the most financial benefit
devices design, but it could also be considered that this existed at the property
and therefore only a refurbishment fee could be applied.

Besides, the PV utilization rate should be also considered to sufficiently utilize

PV energy as possible.

— ElossestE1—Eele (3.11)

o
PV Epy

Where 6py isthe PV utilization rate, Epy is the total PV generated energy, E,,,
is the total amount of electricity bought from grid, E,,,,., iS the energy losses
(converters and battery stack energy charging/discharging losses), and E is the
loads demand, including the energy consumption by hot water tank during the

off-peak hours if power electronic water heater system is considered.
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3.8. Examining scenarios/cases and processing
optimization simulation

To process the optimal procedure, each scenario/case should be examined
firstly. Secondly, since the pre-charge level of battery stack significantly affects
the optimization results, different pre-charge level of battery stack is compared
to evaluate the impact on the whole system. Especially, the initial SOC of the
battery should be equal to the SOC at the end of one week to ensure that there is
zero net energy stored in the battery stack. Then, the sensitive analysis is done
to explore the effects of various factors, like difference of number of occupants,
input data resolution, as demonstrated later. Finally, the optimal procedure for
each scenario is determined based on maximizing the financial benefits of the
entire system over a 10-year operational period. This involves fine-tuning
parameters, algorithms, and strategies to achieve the most cost-effective, battery

storage, and other components within the household energy system.
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3.9. Summary

In this chapter, the procedure and details for optimizing a household PV
system with energy storage in the form of either battery storage or hot water
storage, are outlined. The optimization process is structured into six key steps:

1. Identifying Different Scenarios: Begin by defining various application
scenarios based on specific requirements and specifications. This includes
determining component limits such as current/power capacities, as well as
outlining power flow strategies and operational constraints.

2. Input Data Collection: Gather essential data required for modelling and
simulation. This includes data on PV generation, household loads, hot water
consumption patterns, ambient room temperatures, device prices, and grid
electricity tariffs. Accurate and comprehensive data collection is crucial for
realistic simulation outcomes.

3. Modelling System Components: Develop detailed models for each system
component. These models should strike a balance between accuracy and
computational efficiency to facilitate their integration into the optimization
process. Key components typically include converters (e.g., PV inverters,
DC/DC converters), battery model, and hot water tank.

4. Defining Optimization Objective Functions: Define clear optimization
objectives, which often involve maximising the financial benefits (e.g., 10 years)
and considering the PV utilization rate. These objectives serve as benchmarks
against which different scenarios and strategies are evaluated.

5. Examining Each Scenario and Sensitivity Analysis: Evaluate each defined
scenario to understand its performance under various conditions. Conduct

sensitivity analyses to assess the impact of different variables such as model
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choices, number of occupants, and data resolution on system performance and
optimization outcomes.

6. Processing Optimization: Implement the optimization algorithms tailored to
each scenario based on the defined objectives. This step involves running
simulations to optimize the sizing and operation of PV systems with energy
storage, considering constraints and maximizing the economic benefits.

7. Presenting Optimization Results: Finally, present the optimized results for
each scenario. These results provide valuable insights and recommendations for
end-users regarding the configurations, strategies, and technologies to achieve
their energy goals.

By following these structured steps, the optimization process ensures a
systematic approach to designing and operating household PV systems with

energy storage, tailored to maximize cost-effectiveness.
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Chapter 4. Single house application

Following the procedure established in Chapter 3, this chapter presents a
detailed case study. Initially, each scenario is examined to ensure that the
optimization process is robust, realistic, and tailored to the specific conditions
and requirements of the household PV power system. Next, a sensitivity analysis
Is conducted to explore the impacts of various factors on the optimization results.
Finally, the chapter concludes by presenting the optimization results that offer

the maximum financial benefits of the case study.

4.1. Scenarios examination

This section includes the analysis of various test scenarios defined in Section
3.3, following the design and development procedures outlined in Chapter 3.
Before optimally sizing the system components, each scenario must be
thoroughly examined. This section focuses solely on the examination of
scenarios. Thus, a case study is selected where the input data and models used
are fixed, as shown in Table 4.1. The goal is to validate whether the performance
and behaviour of the simulated results for each scenario meet the defined

constraints and specifications.
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Table 4.1. The input date and model selection for these examined scenarios (‘-” means not applied).

Input data and model selection
Ambient
Examined Converters Battery Hot temperature and
scenario PV Loads ower stack water hot water
generation consumption ?atin energy tank consumption
9 rating capacity profili s
PV self- 1.8 kW peak
consumption output - -
scenario power
profiles in
5.98
one week
PV-battery for four KWh/20
) 2-person Ah -
scenario seasons (1- household batte
minute time load 1.64 kW staclr<y
resolution) . power
PV-power cons um'ptlon rating for 2-person
) profiles in one
electronic 3 kW peak the household hot
water heater | output week for four converter . water
scenario ower seasons (1- used 86 consumption
profiles in minute time Liters rofilespand
P resolution) (2 P .
PV-battery- | one week for 5.98 ersons) ambient
power four seasons kWh/20 pwater temperature
electronic (1-minute Ah tank profiles in one
water heater | time battery week for four
scenario resolution) stack seasons (1-minute
time resolution)

4.1.1. PV self-consumption scenario
I. Specifications and requirements

This scenario represents a basic PV application where the end-users are the
direct electricity consumers. There are no energy storage devices in this scenario.
When the residential electricity demand exceeds the PV generation, or when the
power level of the PV inverter is limited, the load power deficit is met by the
grid. Additionally, when the PV power generation is larger than the loads
consumption or the PV inverter power rating, the PV generation power is
curtailed. The reasons for this are shown in Section 3.1.

ii. Interactions

Two different meters measure the power flow of the house: one meter (dua-
rate) quantifies the electricity purchased from the grid during peak hours and off-
peak hours respectively, while the other measures the PV energy consumed.

iii. Model selection

The model selection can be seen in Table 4.1 and the electricity tariffs can be

seen in Section 3.4.2.
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iv. Scenario validation

Table 4.2 summarises the outcomes of the PV self-consumption scenario

which indicates the loads consumption (peak hours (07:00-24:00) and off-peak

hours (0:00-07:00)), the PV energy calculated from the input PV profile, the PV

energy used by the system, the cost of electricity purchased, and PV utilization

rate for each seasonal week.

Table 4.2. Outcome of PV self-consumption with two meters scenario on one week basis.

Spring

Summer

Autumn

Winter

Average

Loads
consu
mptio
n
/kWh

68.25

65.91

85.29

97.65

Off-
peak

Peak

Off-peak

Peak

Off-peak

Peak

Off-peak

Peak

6.09

62.16

7.37

58.54

6.85

78.45

7.37

90.28

PV
energ
y
from
the
profile
/kWh

64.62

68.74

48.33

27.28

Used
PV/
kWh

23.82

26.59

20.59

13.63

PV
utiliza
tion
rate/%

36.86

38.68

42.6

49.96

42.03

Energ
y loss/
kWh

435

4.69

4.36

3.57

Purch
ased/
kWh

48.76

43.62

68.68

87.59

62.16

6.09

42.67

7.37

36.25

6.85

61.83

7.37

80.22

Stand
ard
price/
£

8.29

13.05

16.64

11.81

Econo
my-
71

10.06

8.79

14.36

18.46

12.92

v. Analysing the results of the process simulations

Based on Table 4.2, the mismatch between power generation and load

consumption, coupled with the absence of energy storage, results in significant

loads demand being sourced from the grid and substantial curtailment of PV

generation to maintain grid stability. Consequently, PV utilization rate remains

below 50% throughout all seasons. Furthermore, as detailed in Section 3.4.2, the

standard electricity tariff generally exceeds the off-peak rate but is lower than
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the peak rate. In this scenario, significantly more electricity is purchased during
peak hours compared to off-peak hours, leading to higher costs under Economy-

7 tariffs rather than standard tariffs.

4.1.2. PV-battery energy storage scenario
i. Specifications and requirements

To leverage the lower off-peak electricity unit price offered by the Economy-
7 tariff, the battery stack can be charged from the grid during off-peak hours to

a predefined State of Charge (SOC) level (SOC,,.). This stored energy can then

be utilized during peak hours to meet the household's electricity demand when
the grid electricity prices are higher. It's worth noting that electric energy
consumption for hot water is not accounted for in this scenario. Additionally, the
amount of PV generation curtailed can be reduced significantly by the utilization
of battery energy storage. By implementing such a strategy, households can
potentially reduce their electricity costs by capitalizing on the Economy-7 tariff's
lower rates.

The charging of the battery stack to a predefined State of Charge (SOCp,.) can
vary depending on the day or season. The rate at which the battery is charged is
influenced by factors such as the power rating of the battery charger, the
maximum charging current of the battery cells, and the available capacity of the
battery itself. It's crucial to limit the charging power to prevent damage to the
devices, including the battery stack and converters. This restriction ensures that
the charging process remains within safe operational limits, safeguarding the

longevity and performance of the battery system and associated components.
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ii. Interactions

In this scenario, two meters are needed. The one is to measure the amount of
PV energy utilized, and the other (dua- rate) is to record how much energy
purchased from the grid (peak and off-peak period).

During peak hours, the primary goal is to prioritize the consumption of PV
generated power by the household loads. Any excess PV energy beyond
immediate consumption requirements will be used to charge the battery stack,
provided there is available capacity. If the household demand exceeds the
instantaneous PV generation, the stored energy in the battery stack is utilized.
However, if the demand surpasses the maximum discharge capability of the
battery stack, the remaining load power demand is sourced from the grid. When
the excess PV generation cannot be absorbed by the battery stack, the PV
generation will be curtailed. Therefore, the grid serves as the last resort power
supply during peak demand periods.

Conversely, during off-peak hours, the grid supplies energy for household
loads and pre-charging of the battery stack is needed since the energy stored in
the battery stack may be used to satisfy the loads demand during the peak hours.

This systematic approach aims to minimize reliance on grid electricity during
peak hours (thereby reducing costs) and manage the storage and discharge of
energy using the battery system.

iii. Model selection

An overnight charging control algorithm is employed in this scenario that sets

the pre-charging level SOC

e OF battery stack to 0.5 for the scenario examination

process. The model selection can be seen in Table 4.1 and the electricity tariffs

can be seen in Section 3.4.2.
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iv. Scenario validation

In order to examine this scenario, the battery energy storage operation is
monitored for each week of the seasons by capturing the battery stack charging
patterns: SOC, voltage, charging/discharging power and current, as shown in
Figure 4.1 (spring week), Figure 4.2 (summer week), Figure 4.3 (autumn week)
and Figure 4.4 (winter week). The battery operation should satisfy the system
constraints, such as 0.1-0.9 state of charge range, 1 C maximum charging rate
and 5 C maximum discharging rate (The battery stack nominal voltage is 300 V
and the 20 Ah battery stack), and the maximum converter transmission power
(1.64 kW). Table 4.3 summarises loads consumption (peak hours and off-peak

hours), the cost of electricity purchased, and PV utilization rate for each seasonal

week.
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Figure 4.1. Battery energy storage operation for PV-battery & overnight charging scenario during a spring
week.
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Figure 4.2. Battery energy storage operation for PV-battery & overnight charging scenario during a
summer week.
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Figure 4.3. Battery energy storage operation for PV-battery & overnight charging scenario during an

autumn week.
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Figure 4.4. Battery energy storage operation for PV-battery & overnight charging scenario during a
winter week.

Table 4.3. Outcome of PV-battery with overnighting charging with two meters scenario over a one-week

basis.
Spring Summer Autumn Winter Average
68.25 65.91 85.29 97.65
Consumpti Off- Off- Off- Off-
on /kWh peak Peak peak Peak peak Peak peak Peak
6.09 62.16 7.37 58.54 6.85 78.45 7.37 90.28
PV energy
from the
profile/ 64.62 68.74 48.33 27.28
kWh
Used
PV/kWh 42.73 50.4 41.14 26.52
I]W/% 66.12 73.31 85.13 97.22 80.45
Energy
loss/ KWh 12.46 10.5 13.37 11.75
Purchased/
KWh 37.98 26.01 57.52 82.88 51.1
Standard 7.22 4.94 10.93 15.75 9.71
price/f
EC"Q/“’E”‘V' 6.02 431 9.81 15.19 8.83

v. Analysing the results of the process simulations

The comparison between Table 4.3 and Table 4.2 reveals significant

improvements in the average utilization rate of PV-generated energy across all

seasons, thanks to the implementation of a 0.5 SOC pre-charging algorithm in

the battery energy storage system. Specifically, the average utilization rate of

PV-generated energy increases by approximately 38% for each season. More PV
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energy is consumed rather than curtailed. Compared to PV self-consumption,
where load consumption remains the same, more PV energy is utilized, and more
grid electricity is stored in the battery stack for daily use. This results in
purchasing less expensive peak-hour electricity from the grid. Consequently, the

Economy-7 tariffs are more cost-effective than the standard tariffs.

4.1.3. PV-power electronic water heater scenario
i. Specifications and requirements

In this scenario, there is no battery energy storage system, so it is not possible
to store electricity for later use. Instead, the occupants directly consume the PV
energy generated by the rooftop panels. During off-peak hours, the water in the
tank is heated to the desired temperature of 90°C (avoiding boiling) using the
lower electricity tariffs of Economy-7. During peak hours, excess PV energy is
used to maintain the water temperature within the range of 80°C-90°C,
compensating for temperature drops due to tank storage heat loss, hot water
consumption, and cold-water injection. This ensures that the water temperature
in the tank remains above the appropriate hot water usage temperature of 40°C
at all times without consuming grid electricity during peak hours. More details
can be found in Section 3.5.3.

ii. Interactions

Two meters are also needed to monitor the amount of both PV energy
consumed and grid electricity imported. The dual-rate meter will measure grid
electricity usage during both peak and off-peak hours. It is also assumed that a
dedicated control system is incorporated to ensure the effective operation of the
entire setup

iii. Model selection

The model used and the input data used can be seen in the Table 4.1.
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iv. Scenario validation

To validate the function of the system, the power electronic water heater
system operation is monitored for each season by capturing the charging power
and hot water temperature in the hot water tank over one week, as shown in
Figure 4.5 (spring week), Figure 4.6 (summer week, Figure 4.7 (autumn week),
and Figure 4.8 (winter week). From these figures, it shows that the water
temperature is always in the range of 40°C-90°C, and the maximum
power/heating rate for heating water in the tank never exceeds 1.64 kW, which
indicates that the whole system satisfies the constraints.

Table 4.4 summarises the key outcomes of this scenario where the PV
utilization rate, energy loss (converter energy loss), and the cost of grid

electricity purchase at two electricity tariffs are shown.
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Figure 4.5. The power electronic water heater system operation for P\VV-power electronic water heater
energy storage scenario-spring.
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Figure 4.6. The power electronic water heater system operation for PV-power electronic water heater
energy storage scenario-summer.
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Figure 4.7. The power electronic water heater system operation for P\VV-power electronic water heater
energy storage scenario-autumn.
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Figure 4.8. The power electronic water heater system operation for P\V-power electronic water heater
energy storage scenario-winter.

Table 4.4. Outcome of PV-power electronic water heater power system (2-occupant) with two meters
scenario on one week basis.

Spring Summer Autumn Winter Average
68.25 65.91 85.29 97.65
Consumption Off- Off- Off- Off-
/kWh peak Peak peak Peak peak Peak peak Peak
6.09 62.16 7.37 58.54 6.85 78.45 7.37 90.28
Energy 54.35 53.55 52.54 52.48 53.23

consumption
for heating 33.76 20.59 29.37 24.18 31.44 21.1 38.14 14.34
water/ kWh

PV energy
from the 107.71 114.57 80.56 45.46
profile/kWh
Used
PV//kWh 49.03 59.15 48.31 31.45
PV utilization 4552 51.63 59.97 69.18 56.58
rate/%
Energy loss/
KWh 9.45 10.11 9.56 9.18
Purchased/
KWh 83.02 70.42 99.08 127.86 95.1
Standard 1577 13.38 18.83 22.60 17.65
price/£
Economy-7/£ 13.44 11.16 17.16 24.29 16.51

v. Analysing the results of the process simulations

In this 2-occupant model, the total daily hot water consumption amount is 86
Liters, and the total energy consumption aligns with the hot water consumption
profile of the scaled CREST model, which also totals 86 Liters. In this model,
both cheap off-peak grid electricity and PV energy are used instead of expensive
peak grid electricity as energy sources for heating hot water in the tank. However,
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given the uncertainty in the amount of excess PV energy, significant amounts of
cheap off-peak grid electricity are needed to heat water in the tank to a high
temperature, ensuring that the water remains at an appropriate temperature for
immediate usage since the cold-water injection can drop the water temperature.
As indicated in Table 1.4, over 60% of the energy used for heating water comes
from PV energy in spring, summer, and autumn. In winter, this percentage drops
to 38% due to reduced excess PV energy and low average hot water temperatures
in the tank. Therefore, if the excess PV energy is larger, such as in the spring,
summer, and autumn, the energy from the grid to heat water in the tank will takes
smaller proportion of the total heating water energy consumption.

Additionally, comparing the cost of grid electricity purchased at standard
tariffs versus Economy-7 tariffs, an average weekly saving of £1.14 is achieved
for Economy-7 tariffs.

4.1.4. PV-battery-power electronic water heater scenario

I. Specifications and requirements

In this scenario, a battery energy storage system and a power electronic water
heater are integrated to more effectively utilize the PV generated energy and
ensure an adequate supply of hot water for household use. During off-peak hours,
when no PV is available, the water in the tank is consistently heated towards a
target temperature of maximum 90°C, while the battery can also be charged to a
predefined SOC level (SOC,,.=0.5), if feasible. Grid electricity also covers
household load consumption during off-peak hours.

During peak hours, to maintain the appropriate hot water temperature (above
40°C) in the water tank for immediate usage and to avoid using expensive peak

grid electricity, it is advisable to primarily use the excess PV energy to heat water
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in the tank. The remaining PV energy directed to the battery storage system.
Moreover, the battery can be discharged to meet household loads demand during
peak times.

ii. Interactions

Two meters are essential for monitoring both PV energy export and the time
dependent grid electricity consumption. It is also assumed that a dedicated
control system is incorporated to ensure the effective operation of the entire
setup. It regulates the energy and power flow throughout the system, which
includes household loads, the battery stack, the hot water tank, PV generation,
and grid electricity.

iii. Model selection

The model used and the input data used can be seen in the Table 4.1.

iv. Model validation

Based on Section 4.1.2 and Section 4.1.3, this scenario combines a battery
storage system with a hot water energy storage system. To minimize redundancy,
the operation of both the power electronic water heater system and the battery
stack is monitored at different seasons, like spring and winter in this model, to
validate the system's functionality. This monitoring captures the operational
characteristics of the battery stack and the hot water tank energy storage systems
over one week (Figure 4.9 and Figure 4.10 for spring, Figure 4.11 and Figure
4.12 for winter).

During off-peak hours, priority is given to the hot water tank for grid electricity
charging over the battery stack. In peak hours, if the temperature of the hot water
remains within the range of 80°C to 90°C, excess PV energy is stored in the

battery stack, provided there is sufficient capacity available.
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It can be seen that both the hot water system and the battery stack meet the
specified power and capacity constraints. Table 4.5 summarizes the key
outcomes of the scenario involving PV-battery integration and power electronic

water heater (including overnight charging) for four seasons.

Constant charging
2.0 c : 2.0+ ttery
’ Tor water tank, . Lhauging.Ratsyy due fo ofer WL PRI AV e eeessenans ’
1.54 2eseccecene
104 3
0.54 E
-0.51 Compensting tank stoarge loss to keep 90° C 0.3 :
-1.04 and charging battery stack if possible -1.0 H
Ls — Battery stack H
o — Hot water tank tsesesesasnses
20 i ' 1 2.04 ] Battery discharging
20 2Zoom in 2.6 2.7 2.8 29
20 Chargn} ower for § b 100 Hot water temperature for spring
S PO L XS come o AL T
: | d 904
= 1.04 H
E : —~ 80+
= 0.5 : ~ .
Z 001 : z "
g7 2 4
= ]
203 3 80° C limit
5 -1.04 5 S0m ~— /
O . N = Equa
-1.54 : e A dessscssssssvssssssssssssssssssssssstsssss
0 .....I.....;I.‘..._...-.I......I.._.ltﬁ.il.k.\VIiﬁi.t...‘ 0 40° C limit
0 1 2 3 Day4 5 6 7 0 1 2 3 Day 4 5 6 7
igure 4.9. e power process of battery stack and power electronic water heater system during a sprin
F 49. Th f batt tack and lect ter heat tem d
week.
10 .
Charging water tank .
84 .
3 :
Accumulative energy for spring 41 E
— Battery stack .
10 —— Hot water tank 24 . f
2 Discharging battery
0 - L. -
_ / 26 27 28 29 3.0
=
= P! v et
& 0.9 SOC limit Compensting tank stoarge loss to keep 90" C
42 10 T and charging batfery stack if fossible
m - .
8{No charging for w:am tank E
_ . .
¥ | .;J-l- SOC limit 6 : : ingattery or water tank
3 : .
DM : :
Zoom in 4 2 :
eodeseee H
2 : M 05 SOCpre
0 = ‘ .,
2.0 2.1 22 23 2.4
Figure 4.10. The energy process of battery stack and power electronic water heater system during a spring
week.

123



Constant charging — Battery stack

2.0 Tor warer tank Tl Hot water tank

1.5_ :o.cllo.clo..clo..c- : 1.5

1.0 é 1.0

0.54 E 0.5

0.0+— 3 0.0
-0.51 Compensting tank stoarge loss to keep 90° C 0.5
-1.04 and charging battery stack if possible -1.04
-1.54 -1.54

tery

ssesssessnsee

Battery discharging

s®®ssssesscessProsssscesns

-2.0 -2.0

2.0 ) Zoom2in 2.6
20 Charging/power for wj

2.7 28 2.9
Hot water temperature for winter

vee o lo—T A KW limit 100

A0 desesesessessssssesesssscscnsssssescsssnne

90° C limit

T N Y TR Ty

40° C limit
T3 pyd 6 7

Figure 4.11. The power process of battery stack and power electronic water heater system during a winter

No charging for the water fank

].5_oooooooooo$4n| |E||| sssssssssspessssepey
= 104 H | B
Z H |'E o)
< 0.5 A “
5 : : o
£ 0.0 HLL @
2 e £
ot TE IV
) H . g-
5 -1.0 H . 5
& Rk =
-1.5 1
2.0 —ere 1.6 kW limit 30
0 1 2 3p4 56 7 0
week.
10
8
[ 3

Discharging battery

Accumulative energy for winter 4 \
— Battery stack
10 3 — Hot water tank 2'/\
84 0 T T T
— 2.6 2.7 28 29 3.0
=
o
& . 0.9 50OC limit Compensting tank stoarge loss to keep 90°
E 44 10 . o and charging batfery stack i Jossible
&3} o charging for water t.unk .
.
.
24 81 : / .
: .
0 : . B . .
0 1 2 3 7 : 6 0.1;50C limit :
Day . * Dischafging battery
7z 1 44 . M
oom In . .
peodesssssecad :
2] : : 5 8SOCpre
. .
. .
: .
2.0 2.1 22 23 24

Figure 4.12. The energy process of battery stack and power electronic water heater system during a winter

week.

124



Table 4.5. Outcome of PV-battery and power electronic water heater system (2 occupants) on a per

weekly basis.
Spring Summer Autumn Winter Average
68.25 65.91 85.29 97.65
Consumption Off- Peak off- Peak off- Peak off- Peak
/kWh peak peak peak peak
6.09 62.16 7.37 5?1'5 6.85 78.45 7.37 90.28
Energy 54.35 53.55 52.54 52.48 53.23
consumption for oa1
heating water/ 33.76 20.59 29.37 8. 31.44 21.1 38.14 14.34
kWh
Y S'r‘g][ﬁé’nf:‘j’v? 107.71 11457 80.56 45.46
Used PV/kWh 65.66 77.66 67.17 42.75
PV utlization 60.96 67.78 83.39 94.04 76.54
Energy loss/
KWh 16.04 14.17 16.64 14.95
Purchased/kWh 72.98 55.97 87.3 122.33 84.65
Standard price/£ 13.87 10.63 16.76 23.24 16.13
Economy-7/£ 9.79 7.59 12.8 19.38 12.39

v. Analysing the results of the process simulations

In this scenario, the battery stack acts as a supplementary energy storage unit
to the hot water tank, enabling energy storage and release for household
consumption as needed during peak time. By integrating the battery stack into
the PV-battery and power electronic water heater system, the utilization of PV
generation is significantly enhanced, achieving an average increase of nearly 20%
compared to the PV-power electronic water heater scenario.

The installation of the battery stack offers several advantages, particularly in
conjunction with an Economy-7 price tariff, which gives approximately £4 lower
average cost than the standard tariffs. This cost-saving benefit is amplified by
overnight charging, which optimizes energy consumption patterns. Even during
winter months, when more electricity may need to be purchased from the grid,
the Economy-7 tariff proves advantageous over scenarios relying solely on PV
and power electronic water heater systems due to possibility to charge cheaply
the battery overnight whilst during daytime very little PV excess exist during

winter.
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4.2. Different overnight charging level of battery
stack

The pre-charge level of battery stack directly determines the amount of
overnight charging energy which can impact the electricity bill significantly.
Practically, there are many available control algorithms to choose the overnight
charging level of battery, like constant overnight charging, yearly, and weather-
based predication. However, the pre-charge level is a preset value for the battery
SOC, representing the target charging level. If the charging process is restricted
by factors, such as a small battery charger power rating with a large battery stack
energy rating, the battery stack may not reach the preset SOC level during the 7-
hour off-peak time window. In this section, it concentrates on assessing the
impacts of different overnight charging level (SOC,,.) on the performance of the
scenario, where the PV utilization rate, the amount of grid electricity purchased,
and the cost of grid electricity purchased are highlighted. Thus, the PV-battery
and PV-battery-power electronic water heater scenarios are selected. The model

definitions can be found in Table 4.6.

Table 4.6. The input data and model selection for two examined scenarios (‘-* means not applied).

Input data and model selection
: Battery .
Examined Converters Hot water | Ambient temperature
- PV Loads stack
scenario eneration consumption power ener tank and hot water
g P rating ratir?g;/ capacity consumption profiles
PV-battery |5y peak 2-person - -
Scenario output household
e I -
PV-battery- profiles in consumption rartJin for kWh/20 consumption profiles
power one week profiles in one th% Ah 86 Liters an dpambiZnt
electronic for four week for four battery (2 persons) .
converter temperature profiles
water heater | seasons (1- seasons (1- used stack water tank in one week for four
scenario minute time minute time seasons (1-minute
resolution) resolution) ) -
time resolution)
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4.2.1. Different SOC

e fOr PV- battery energy storage
scenario

i. Model validation

To show the behaviour of battery stack, the SOC of battery stack at three

different SOC,,, levels (0.1, 0.5, 0.9) in the summer and winter are plotted in the

pre
Figure 4.13 as an example. During off-peak hours, the battery stack will be
charged to the defined SOC,,, level. Due to different SOC,,. level, the
charging/discharging performance of the battery stack can be varied a lot but all
SOC of battery in the battery SOC limitations (0.1-0.9).

Table 4.7 summarizes the outcomes regarding PV utilization rate and the cost

of grid electricity purchased at different SOC,,,. levels across four seasons over
one week. The highlighted row indicates the minimum total cost of grid

electricity purchased.
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Figure 4.13. The battery capacity changing behaviour at 0.1,0.5,0.9 overnight charging level-spring and

summer.
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Table 4.7. Outcomes of different SOC,,. for PV-battery energy storage scenario (20 Ah/5.98kWh

battery).
Spring Summer
Electricity purchased Electricity purchased
from grid from grid
Total Total
cost of cost of
grid grid
Off- Peak/k utiTi\z/ati electricit off- Peak/k utiITi\z/ati electricit
S§OC,,.| peak/ y S§OC,,.| peak/k y
Wh Wh on purchase Wh Wh on purchase
rate/% d rate/% d
(Econom (Econom
y-7) IE y-7) IE
0.1 6.09 16.17 50.7 4.95 0.1 7.37 12.99 47.05 3.67
0.2 9.47 15.38 49.95 5.13 0.2 7.37 12.99 47.05 3.67
0.3 12.17 14.82 48.6 5.4 0.3 7.37 12.99 47.05 3.67
0.4 16.87 14.29 45.87 5.74 0.4 8.51 12.99 46.8 3.8
0.5 20.65 13.78 42.94 6.02 0.5 10.78 12.99 45.21 4.04
0.6 25.28 13.78 39.11 6.4 0.6 12.67 12.99 43.57 4.25
0.7 29.69 13.78 35.07 6.75 0.7 17.11 12.99 40.86 4.74
0.8 34.1 13.78 31 7.12 0.8 20.88 12.99 37.59 5.16
0.9 38.5 13.78 26.88 7.53 0.9 25.6 12.99 33.85 5.67
Autumn Winter
Electricity purchased Electricity purchased
from grid from grid
Total Total
cost of cost of
PV grid PV grid
s0C, p(e)aflz;k Peak/k | utilizati e'ec;“c” soc, pSaflzk Peak/k | utilizati e'ecfl“c't
Wh Wh on purchase Wh Wh on purchase
rate/% d rate/% d
(Econom (Econom
y-7) IE y-7) IE
0.1 6.85 29.42 71.96 7.23 0.1 7.37 55.58 92.06 13.04
0.2 11.63 27.94 71.16 743 0.2 14.55 52.51 92.12 13.15
0.3 15.85 27.36 68.14 7.76 0.3 18.33 49.69 91.18 12.95
0.4 19.63 26.81 64.3 8.06 0.4 23.09 46.81 89.39 12.84
0.5 24.42 26.28 59.88 8.47 0.5 27.1 45.58 83.78 13.01
0.6 28.83 25.74 55.26 8.83 0.6 3151 44.47 77.03 13.25
0.7 33.23 25.5 50.12 9.27 0.7 35.92 43.37 70.21 13.49
0.8 37.64 25.5 44.72 9.75 0.8 40.09 4251 63.3 13.76
0.9 42.05 255 39.25 10.24 0.9 41.96 44.47 55.1 14.12

Analysing the results of the process simulations

As shown in Table 4.7, increasing the pre-charge level can indeed reduce the

PV utilization rate under the model and input dataset conditions. This is because

more battery space is occupied by off-peak electricity as the pre-charge level

increases. During seasons with significant PV energy generation, such as spring,

summer, and autumn, the battery stack is configured to avoid overnight charging

to achieve the minimum cost of grid electricity purchased. Conversely, when PV

generation is significantly reduced, such as in winter, the battery stack needs pre-

charge (0.4 SOC) to minimize costs, as the cheap off-peak electricity can be

released by the battery to meet the load demand deficit during peak times.
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Table 4.8 presents the weekly average of PV utilization rate and cost of grid
electricity purchased. The findings highlight that the battery stack seems to be
no charge during off-peak hours to reach the minimum grid cost of grid
electricity purchased in this models and input date conditions. Significantly,
when the battery stack undergoes overnight charging, a portion of off-peak grid
electricity is used to cover the standby losses of converters (PV inverter and
battery charger). This results in a much higher amount of off-peak grid electricity
purchased compared to when there is no overnight charging for the battery stack
(PV inverter and battery can be shut down during 7 off-peak hours).

In conclusion, the pre-charge level significantly affects the PV utilization rate
and the amount and cost of grid electricity purchased which is closely associated
with the financial benefits of the PV-battery scenario. Thus, in the optimisation
procedure, the SOC,,., needs to be considered.

Table 4.8. Weekly average outcome for different overnight charging levels.

Average
Electricity purchased from grid
S0C,,, Off-peak/kWh Peak/kWh PV usage/% Electricity cost /£
0.1 6.92 28.54 65.44 7.22
0.2 10.76 27.21 65.07 7.35
0.3 13.43 26.22 63.74 7.45
0.4 17.03 25.23 61.59 7.61
0.5 20.74 24.66 57.95 7.89
0.6 24.57 24.25 53.74 8.18
0.7 28.99 23.91 49.07 8.56
0.8 33.18 23.7 44.15 8.95
0.9 37.03 24.19 38.77 9.39

4.2.2. Different SOC,,, for PV-battery-power electronic

water heater energy storage scenario

In this scenario, the pre-charging level of the battery stack is influenced by the
operation of the power electronic water heater system since the hot water tank
has the priority to absorb energy from both excess PV energy and grid.

i. Model validation

Figure 4.14 monitors the behaviour of the battery SOC at three different

SOC,

e 1€VElS (0.1, 0.5, 0.9) being shown in the Figure 4.14, for one week in the
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summer and winter respectively. Although the pre-charge level changes, the
battery SOC is still in the SOC constraints (0.1-0.9). Table 4.9 summarizes the
outcomes regarding PV utilization rate and the cost of grid electricity purchased

at different SOC,,, levels across four seasons over one week. The highlighted

pre
row indicates the minimum total cost of grid electricity purchased.
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Figure 4.14. The battery capacity changing behaviour at 0.1,0.5,0.9 overnight charging level-spring and
summer.
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Table 4.9. Outcomes of different SOC,

pre

for PV-battery-power electronic water heater power system
scenario (20 Ah/5.98kWh battery).

Spring Summer
Electricity purchased Electricity purchased
from grid from grid
Total Total
cost of cost of
rid rid
Off- PV ectricit Off- PV etrici
SOC,.| peaki Peak/k utilizati y S0C,,| peakik Peak/k utilizati y
! Wh Wh on urchase : Wh Wh on urchase
rate/% P d rate/% P d
(Econom (Econom
y-7) IE y-7) IE
0.1 43.87 18.57 68.66 8.91 0.1 39.38 12.99 70.4 7.19
0.2 46.61 17.78 67.91 9.04 0.2 39.38 12.99 704 7.19
0.3 49.32 17.2 66.51 9.21 0.3 39.88 12.99 70.16 7.25
0.4 53.17 16.6 63.85 9.5 0.4 40.94 12.99 69.37 7.36
0.5 56.95 16.04 60.96 9.79 0.5 42.97 12.99 67.78 7.59
0.6 61.38 15.45 57.8 10.15 0.6 44.86 12.99 66.14 7.79
0.7 65.79 14.88 54.34 10.51 0.7 48.15 12.99 63.95 8.16
0.8 70.2 14.36 50.86 10.88 0.8 51.65 12.99 60.91 8.54
0.9 74.6 13.84 47.31 11.25 0.9 56.17 12.99 57.2 9.04
Autumn Winter
Electricity purchased Electricity purchased
from grid from grid
Total Total
cost of cost of
grid grid
Off- | poc | uttgan | @ectricit Oft- | bt | uttgan | @eCtricit
SOC,,.| peak/k y SOC,,.| peak/k y
Wh Wh on purchase Wh Wh on purchase
rate/% d rate/% d
(Econom (Econom
y-7) IE y-7) IE
0.1 42.19 35.86 90.38 12.53 0.1 50.26 66.07 97.42 20.06
0.2 46.85 33.22 90.49 12.46 0.2 55.65 63.01 97.49 19.98
0.3 50.76 31.48 88.63 1251 0.3 59.43 60.19 96.54 190.78
0.4 54.27 30.11 86.31 12.59 0.4 64.03 57.02 95.31 19.59
0.5 58.26 29.04 83.39 12.8 0.5 68.44 53.89 94.04 19.38
0.6 62.49 28.33 79.2 13.11 0.6 72.84 50.85 92.5 19.2
0.7 66.89 27.81 74.57 13.48 0.7 77.03 48.41 89.81 19.12
0.8 71.23 27.28 70.02 13.84 0.8 80.77 46.31 87.06 19.07
0.9 75.01 26.76 66.13 14.14 0.9 82.82 45.45 84.84 19.11

Analysing the results of the process simulations

For the selected models and input dataset, the overnight charging level that

provides the lowest total cost of grid electricity for each season is found to be

0.1 for spring and summer, 0.2 for autumn, and 0.8 for winter, as shown in Table

4.9. Notably, when the battery pre-charge level is 0.1 or 0.2, the outcome results

are the same, as shown in the summer data in Table 4.7. This is because excess

PV energy is stored in the battery stack, causing the SOC to exceed 0.2

throughout the week and no charging for the battery during off-peak hours. This

indicates that the pre-charge level is closely related to the excess PV generation
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situation, and the optimal pre-charge level of the battery stack might differ
depending on the season.

Table 4.10 summarizes the weekly average PV utilization rate and the cost of
electricity purchased. The results show that the system achieves the minimum
total cost of grid energy and the highest PV utilization rate when the battery stack
overnight charging level is set to 0.1. Significantly, since the battery charger is
shut down to mitigate standby losses when the battery stack has no pre-charge
needs, the amount of grid electricity used at a 0.1 SOC pre-charge level is much

lower than that at a 0.2 SOC pre-charge level.

Table 4.10. Average weekly outcome for different overnight charging levels.

Average
Electricity from grid
PV utilization Total cost of grid electricit
SOCpre Off-peak/kWh Peak/kWh rate/% purchased (E%onomy-?) /g
0.1 43.93 33.37 81.72 12.17
0.2 47.12 31.75 81.57 12.17
0.3 49.85 30.47 80.46 12.19
0.4 53.1 29.18 78.71 12.26
0.5 56.66 27.99 76.54 12.39
0.6 60.39 26.91 73.91 12.56
0.7 64.47 26.02 70.67 12.82
0.8 68.46 25.24 67.21 13.08
0.9 72.15 24.76 63.87 13.39
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4.3. Impact of complex modelling factors

To illustrate the impacts of different factors on outcomes, this thesis examines
the influence of various factors, including:

- The depth of discharge (0.1-0.9 versus 0.2-0.7)

- The consideration of ohmic battery losses

- The consideration of a cut-off minimum power

4.3.1. Battery model
4.3.1.1. Different allowed DOD of battery stack applied

In Section 3.5.2, it was observed that for a given size of battery, the usable
DOD directly influences the design and performance of the battery stack. Within
a wider DOD range of 0.1-0.9, the behaviour of the Li-ion battery cells is
typically linear and straightforward to model. However, for other types of battery
models, the available SOC range may be narrower, offering less usable stored
energy that is then affecting the overall performance of the system. In this section,
the PV-battery-power electronic water heater scenario is selected, where the

input data and models selection are shown in 3.4.

Table 4.11. The input date and model selection for researching different DOD impacts.

Input data and model selection
Batte Ambient
Examined Converters Y Hot water temperature and
- PV Loads stack
scenario eneration consumption power ener tank hot water
g P rating ray capacity consumption
rating !
profiles
2-person
3 kW peak 2-person 0.6 KWh/ household hot
PV- output household water
1.64 kW 2Ah-17.9 -
battery- power load consumption
A . power kWh/60 . -
power profiles in consumption rating for Ah 86 Liters (2 profiles and
electronic one week profiles in one o persons) ambient
the battery
water for four week for four water tank temperature
converter stack (0.5 S
heater seasons (1- seasons (1- profiles in one
- . . - . used pre-
scenario minute time minute time charge) week for four
resolution) resolution) 9 seasons (1-minute
time resolution)

Figure 4.15 illustrates the impact on weekly average grid electricity purchased
total cost (under an Economy-7 tariff) for different battery sizes and DOD limits

with 0.5 SOC overnight pre-charging. A wider available DOD range allows for
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more usable energy storage of electricity, reducing cost for purchasing grid
electricity. However, when the battery stack size is too small, the available
battery energy storage for either 0.5 or 0.8 Depth of Discharge (DOD) has less
impact on the cost of electricity purchased from the grid. Conversely, when the
battery stack is too large, the available battery storage space has redundancy,
reducing the impact of different DOD levels on this cost. Noticeably, the slope
of both curves falls sharply at first, then begins to flatten around a 5 kWh battery
stack and becomes almost flat beyond 10 kWh. This indicates that the savings in
purchased grid electricity costs drop significantly after a 5 kWh battery stack.
Therefore, when considering the selection of the optimal battery stack size
under these model and input data conditions, the optimum battery size can be
defined as the point where any further increase in size (such as beyond 5 kWh)
does not result in a substantial reduction in slope or a worsening of economic

impact.

16 eeees, Close at ——0.1-0.9 DOD
" small battery stack 0.2-0.7 DOD

15"

14 4
13 4 Close at

too large battery stacl
12 1

Cost of grid electricity purchased ( £)

LR R A RN NN ]

I
0 5 10 15 20

Battery stack energy rating (kWh)
Figure 4.15. Weekly average electricity cost as the function of different battery stack.
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4.3.1.2.

To explore the impact of battery internal resistance on system outcomes, the

Ohmic losses

PV-battery-power electronic water heater scenario is considered where the

models and input data selection is seen in Table 4.12.

Table 4.12. The input date and model selection for researching Ohmic losses impacts.

Input data and model selection
- Battery Ambient
iﬁi?;ﬂzd PV Loads Con(;lve\zlgfrs stack Hotta\r/]vster temperature and hot
generation consumption pov energy . water consumption
rating ; capacity ;
rating profiles
2-person 2-person household
PV- 3 kW peak household 1.64 kKW 1.2 kwh/ hot water
battery- output 4Ah and .
load power . consumption
power power - ina f 20.32 86 Liters (2 il d ambi
electronic profiles in ConSlfJ.Tpt.'on ratlrLg O | kwh/68 Ah persons) profiles and am f!fnt
water summer (1- Protiies In the battery water tank temperature profiles
. . summer (1- converter in summer (1-
heater minute time - . d stack (0.5 . -
scenario resolution) minute _tlme use pre-charge) minute _tlme
resolution) resolution)
As seen in Section 3.5.2, different battery stacks are composed of multiple

battery cells connected together (3.6V/2Ah/20 mQ Molicel battery cell). For a
nominal 300V battery stack (83 cells connected in series), a 1.2 kWh/4Ah battery
stack has an internal resistance of 0.83 Q, while this resistance is 0.049 Q for a
20.32 kWh/68Ah battery stack. In this scenario, the connection resistance
between each battery cell is not considered.

Figure 4.16 presents comparison results for these two types of battery stacks,
depicting scenarios both with and without ohmic losses in the summer. In the
case of the smaller battery stack size considered (1.2 kWh) having the higher
internal resistance (0.83 ), the impact of ohmic losses is insignificant. This is
because the battery stack's operational duration is lower and the relative ohmic
energy losses which account also for operational time, remain negligible.
Conversely, for the larger battery stack (20.32 kWh) with lower internal
resistance (0.049 Q), ohmic losses are also minimal due to the stack's capability
to efficiently manage power flows without substantial loss effects as for a given

battery stack voltage assumed constant for all, battery current is proportional
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with battery power and not energy rating whilst energy losses, for same
utilization time, will be dependent on battery internal resistance which is inverse
proportional with energy rating.

The findings reveal that the difference between the idealized battery model

(without ohmic losses) and the model incorporating ohmic losses is minimal

which can be neglected.

1.2 kWh battery stack (Summer)
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Figure 4.16. The comparison of different battery model with different battery stack size in the PV-battery-
power electronic water heater scenario (summer week).

4.3.2. Cut-off power for all converters

The cut-off power (P,,..;) level of converters plays a significant role in
determining their cycle losses and efficiency, particularly at low operational
power levels where the converters operate with low efficiency or be completely
switched off that cancels losses but forces the system to purchase energy from
grid (although the amount is very small). It has been recognized that one

effective method to mitigate battery stack round-trip efficiency degradation is to
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disable battery operations when the processing power falls below a specified
threshold (cut-off power).

In this study, we compare converters operating with and without cut-off power
limitations, for PV inverter (0.18 kW P,,..z), battery charger (0.15 kW P_,;.)
and converter for heater (0.07 kW P,,..z), as detailed in Section 3.5.1. This
analysis focuses on the PV-battery-power electronic water heater scenario,

where the input data and models definition can be seen in Table 4.13.

Table 4.13. The input data and model selection for researching cut-off power impacts.

Input data and model selection
Ambient
Examined Converters Battery Hot water temperature and
- PV Loads stack
scenario eneration consumbtion power ener tank hot water
g P rating oy capacity consumption
rating .
profiles
2-person
3 kW peak 2-person household hot
PV- output household 1.64 KW water
battery- power load ower 5.98 KWh/ consumption
power profiles in consumption P y 86 Liters (2 profiles and
. N rating for 20Ah (0.5 .
electronic one week profiles in one persons) ambient
the pre-
water for four week for four converter charge) water tank temperature
heater seasons (1- seasons (1- g profiles in one
- . . . . used
scenario minute time minute time week for four
resolution) resolution) seasons (1-minute
time resolution)

Figure 4.17 illustrates the comparison of battery stack charging /discharging
process in the summer with and without cut-off power applied. When cut-off
power is not implemented, the converter transfers and manages any power levels
down to zero potentially involving unnecessary battery operations. Conversely,
with cut-off power in place, battery operations are minimized unless necessary,
cancelling converters standby power losses (each converter 30W stand-by losses)
and optimizing efficiency.

Figure 4.18 presents the comparison of weekly average energy losses and
purchased grid electricity cost with and without cut-off power for all converters.
The energy losses contain battery ohmic losses, and the energy losses of PV
inverter, battery charger and converter for water heater. Apparently, the total
energy losses of the entire system are significantly reduced for all battery stack
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energy rating when the cut-off power of converter is applied. However,
compared to low energy rating battery stack, the high energy rating battery stack
has larger operation duration which will cause more energy losses. Under this
test conditions, incorporating cut-off power does not significantly increase the
cost of grid electricity purchased, as operations below the cut-off power
threshold are infrequent and typically involve minimal power levels.

Overall, this analysis underlines the importance of using cut-off power settings
in converters for improving system efficiency by reducing unnecessary battery

operations and associated energy losses.

5.98 kWh battery stack (Summer) 0.05

—Models with cut-off power

——Models without cut-off power 20.104 0.15kW cut-off powér of
battery charger
015 s | —
2.0

3 o —
=3
5]
2 151 -0.20
- T T T T T T T
2 10y 0.85 090 095 1.00 1.05 1.10 1.5
2 05
5 %
2 0.0 E
=]
= 0.32
2 05
g 0.
5 0.241 0.15kW cut-off power of
= -1.51 battery charger
= 0.16
2 20 ; ‘ —— ; - -
0 1 2 3 4 5 7
g Day 0.08 4
m
0.00

0648 0650 0652 0654 0656

Figure 4.17. The comparison of the charging/discharging of battery stack with/without cut-off power in
the summer.
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Figure 4.18. The comparison of the weekly average total energy losses and the purchased electricity cost
with/without cut-off power considered for all converters.

4.4, Different input data impact

Understanding the impact of imported power profiles on outcome parameters
is essential due to the variability in power generation and consumption profiles
influenced by factors such as household size, daily habits, and location. In this
thesis, different domestic loads consumption power profiles, hot water
consumption profiles, and room space temperature profiles sourced from the
CREST dataset with adjusted PV generation are examined and compared. Two
primary factors are considered:

1. Number of House Occupants: Larger households typically require more
room space, higher loads consumption, and increased hot water usage.

2. Sample Resolution: The resolution of input data affects the averaging of PV
generation and loads consumption data, potentially introducing deviations in

outcomes.

139



By analysing various power profiles under these conditions, the study aims to
provide insights into how different household characteristics and data
resolutions impact system performance, efficiency, and cost-effectiveness. This
investigation is crucial for optimizing system design and operation to suit diverse
residential energy needs and conditions.

4.4.1. Different house occupants

In this section, the impact of household occupancy (2, 3, or 5 occupants) on
the cost of electricity purchased is examined. More residents in a household
result in higher load consumption and greater hot water demand, necessitating
proportionally increased PV generation. For comparison across different power
profiles, the CERST model generates household load profiles with 1-minute
resolution for 2, 3, and 5 occupants. The details of model and input data selection

are shown in Table 4.14.

Table 4.14. The input data and model selection for researching different house occupants impacts.

Input data and model selection
Batte Ambient
Examined Converters Yy Hot water temperature and
- PV Loads stack
scenario . - power tank hot water
generation consumption - energy : .
rating . capacity consumption
rating A
profiles
2-,3-,and 5-
3 kW peak 2-, 8-, and 5- 1.64 kW, person household
person 0.6 kwh/
PV- output 2.4 kW, . hot water
battery- power household 3.5 kw 2Ah-9.56 86 ngers, consumption
ower rofiles in load 6 kW, ’ kWh/s2 111 Liters, rofiles and
elgctronic F2)ne week consumption powe} AN 161 Liters P ambient
profiles in one - battery (2,35
water for four week for four rating for stack (0.5 persons) tenjperature
heater seasons (1- all profiles in one
- - - seasons (1- pre- water tank
scenario | minute time . - converters week for four
h minute time charge) -
resolution) . used seasons (1-minute
resolution) h .
time resolution)

The term "1.64 KW converters" refers to the power rating of all converters (PV
inverter, battery charger, and converter for water heater) being set to 1.64 kW,
with similar settings applied for 2.4 kW, 3.5 kW, and 6 kKW converters. In Figure
4.19, it is evident that higher household occupancy leads to increased electricity
consumption and higher grid energy purchased costs, particularly due to elevated

hot water usage and overall load demand.
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When a small converter power rating (1.64 kW) is applied, it significantly
limits the 3 kW peak PV power output, resulting in significant curtailment of PV
output and increased grid electricity purchases. Conversely, larger converters
(3.5 kW and 6 kW) show minimal differences in the cost of grid electricity
purchased, as they effectively handle most power conversion tasks. However,
overly large converters (e.g., 6 kW) may lead to higher electricity costs due to
inefficient operation at lower power processing levels.

Therefore, optimizing converter sizes tailored to the number of occupants is

essential to achieve cost savings across different household configuration.

2 occupants

13
15
144 Zoom in
sessssssese /
134
. .

124 < -
o . o |— 1.64 kW converters
= 114 . o Il — 2.4 kW converters
B . : & |=—3.5KkW converters
~ 10 T B . ’; — 6 kW converters
o 0 2 4 6 . 8 10 £ 5 6 7
2 Battery stack energy rating (kWh) g
g 3 occupants g 5 occupants
S 18 w
I_] b
= & 244
A7 172
Z2 16 g
= 222/
2 14 2
£ 5
15} o |
_%) = 20
- 124 3
@Q @
E £ 18-
’%’ 104 n_;
~ 16

8 T T T T T T T T

0 2 4 6 8 10 0 2 4 6 8 10

Battery stack energy rating (kWh) Battery stack energy rating (kWh)
Figure 4.19. The weekly average purchased electricity cost for different house occupants at different
converters power size and different battery stack energy rating.

4.4.2. Different sample resolution

In this study, two different sample resolutions of power profiles are compared:
1-minute and 5-minute intervals. To achieve the 5-minute resolution from the 1-
minute dataset, the average power within each 5-minute window is calculated.

The details of model and input data selection are shown in Table 4.5.
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Table 4.15. The input data and model selection for researching different sample resolution impacts.

Input data and model selection
Batte Ambient
Examined Converters Y Hot water temperature and
- PV Loads stack
scenario . . power tank hot water
generation consumption - energy ) -
rating ; capacity consumption
rating -
profiles
2- 3- and 5- 2-,3-,and 5
3 KW peak erson person household
PV out FLt hopusehold 0.6 kwih/ hot water
batte ov?/er load 1.64 kW 2Ah-9.56 86 Liters, consumption
ry power . power kWh/32 111 Liters, profiles and
power profiles in consumption . - -
. N rating for Ah 161 Liters ambient
electronic one week profiles in one
all battery (2,35 temperature
water for four week for four L
converters | stack (0.5 persons) profiles in one
heater seasons (1- seasons (1-
- - - - used pre- water tank week for four
scenario | minutetime | and 5-minute
h . charge) seasons (1- and 5-
resolution) time . .
: minute time
resolution) .
resolution)

Figure 4.20 illustrates that the battery stack charging patterns are very similar
for both 1-minute and 5-minute resolutions across different household
occupancies. Any differences observed are primarily due to the lower peak
values in the 5-minute input dataset.

Figure 4.21 presents the weekly average cost of grid electricity purchased
under an Economy-7 tariff for both 1-minute and 5-minute input data resolutions.
It consistently shows that the electricity costs are higher for the 1-minute
resolution compared to the 5-minute resolution. The higher costs associated with
the 1-minute resolution are attributed to two factors:

1. Efficiency Impact: The system experiences higher losses with 1-minute data
due to higher peak power ripples contained within this dataset. These additional
power losses add up to noticeable energy losses that must be compensated by
purchasing extra electricity from the grid.

2. Power Restrictions: Small and medium-sized power converters may
struggle to handle the peak powers present in the 1-minute dataset, necessitating
additional energy purchased from the grid to meet power demands due to power
limitations.

Therefore, the choice of input power resolution significantly affects the

purchased grid energy cost. Opting for a 5-minute resolution reduces costs by
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smoothing out extreme current and power peaks and improving power losses,

thereby minimizing additional energy purchases from the grid.
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Figure 4.20. The battery stack charging pattern for different occupants at different input datasets sample
resolution in summer.
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Figure 4.21. The weekly average purchased grid energy for different house occupants for 1-minute (solid)
and 5-minute (dash) power sample resolution.
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4.5. Optimal sizing

The size of system components such as PV generation, battery stack energy
rating, and power converters power rating plays a crucial role in determining
energy and power flows, thereby influencing the economic viability of the
system.

PV generation (indicated by peak power) directly impacts self-consumed
energy and the amount of energy imported from the grid. However, when PV
generated power exceeds load consumption and energy storage is unavailable,
the excess energy may be exported or curtailed (as considered in this thesis),
reducing self-consumption. Similarly, the energy rating of the battery stack
affects peak power purchases and the ability to store and use excess energy. A
properly sized battery stack can optimize energy utilization and further reduce
grid dependence.

Additionally, the power converter size determines the efficiency of power
transfer within the system, influences power losses, and restricts the power
transfer rating. This means that the choice of power converter size is crucial for
balancing system efficiency, minimizing power losses, and ensuring adequate
power transfer capabilities to meet household demand.

Oversizing components like PV generation, converters, and battery stacks may
enhance the benefits of PV energy by reducing electricity costs. However, this
approach also escalates initial purchase and installation costs.

Choosing the optimal size for each component involves balancing these factors.
It requires evaluating the financial benefits derived from the reduced cost of
electricity purchased under Economy-7 tariffs against the upfront costs of system

installation and purchase, which can be seen in Section 3.4. This assessment
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typically considers a 10-year operational period, factoring in the cost savings
from electricity purchased and subtracting the initial system costs. Therefore,
this section researches the study case for each scenario to find the optimal sizing
scheme that achieves the maximum financial benefits over a 10-year operational

period.

4.5.1. Sizing for PV self -consumption scenario

In this scenario, no energy storage device is utilized. Thus, only the PV
generation (indicated by PV peak output power) and PV inverter power rating
need to be optimised. The details of model and input data selection for the study
case are shown in Table 4.16. Based on CREST electricity demand data, the
smallest size (0.52 kW) generally meets the power requirements of a single
household, while the 1.64 kW converter can cover over 80% of household power
needs. The 2.4 kW and 3.5 kW sizes are sufficient for nearly all household power
demands (excluding peak power situations), whereas the largest size (6 kW) is

deployed for highest peak power scenarios.

Table 4.16. The input data and model selection in the PV self-consumption scenario optimization (‘-
means not applied).

Input data and model selection
Ambient
Examined Battery Hot temperature
scenario PV_ Loads_ Converte_rs stack water and hot water
generation consumption power rating energy tank :
rating capacity consumption
profiles
Adjusted
peak QUpUL | 2,5, and 5-
profiles (0.6 hoplfgjﬁgl d 0.52 kW,
kW to 7.2 load 1.64 kW, 2.4
PV self- kW at consumotion kW,
consumption intervals of rofiles i?\ one 3.5 kW, -
scenario 0.6 kW) in P 6 kW, power
week for four .
one week seasons (1- rating for all
for four - - converters used
seasons (1- minute time
minute time resolution)
resolution)

Figure 4.22 illustrates the maximum financial benefits over a 10-year period
for PV self-consumption systems across different sizes of PV generation and

inverters. It demonstrates that installing a PV system can reduce the cost of
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purchased grid electricity for residents compared to solely importing electricity
from the grid. Notably, due to the higher demand for loads in a 5-occupant house,
more PV energy can be consumed rather than curtailed, resulting in greater
financial benefits compared to a 2-occupant house.

Furthermore, larger PV panels and converter power sizes do not necessarily
yield the highest financial benefits due to mismatches between PV generation
and household load consumption, which cause significant PV energy curtailment.
Instead, optimal benefits in terms of maximum financial reward with minimum
investment are achieved with specific PV and inverter installations, such as 1.2
kW peak power PV panels paired with 0.52 kW inverters across various
household sizes (2, 3, or 5 occupants).

Nevertheless, the absence of energy storage devices limits the PV utilization
rate in this scenario, as highlighted in Table 4.17, where the optimal installations
result in approximately 50% PV utilization rate across all household types. This
suggests that even with increased household loads consumption, PV panel and
inverter sizes remain small in this scenario. Thus, it needs to install energy
storage solutions to further enhance PV utilization rates and increases the

financial benefits.
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Figure 4.22. Financial benefits of the overall system for 10-year period at different PV peak power and
PV inverter size.

Table 4.17. Financial benefits and PV utilization rate at optimal point for different occupants applications
for 10-year period.

Number of
occupants 2 8 5
. . PV PV PV PV PV PV
Optlg:;idiwces peak/kW | inverter/kW peak/kW inverter/kW peak/kW inverter/kW
g 12 0.52 12 0.52 12 0.52

Electricity cost
without PV 8673.4 9880.1 11893
installation /£
Financial benefits
of optimal point/£
PV utilization
rate/%

4.5.2. Sizing for PV-battery energy storage scenario

To store and utilize the excess PV energy, a battery stack energy storage

159.77 264.12 417.89

46.35 424 52.64

system is utilized in this scenario. In this scenario,0.6 kW- 7.2 kW peak output
generation power PV string is considered, along with a 0.6 kW interval, and 14
types of battery stack capacity (0.598 kWh-9.56 kWh) and 15 types of the power
size combination of PV inverter and battery charger which are shown in Figure
4.23. Besides, to compare with the PV self-consumption, the energy

consumption associated with producing hot water is not considered in this
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scenario. More details of models and input data selection for the study case are

shown in Table 4.18.

Table 4.18. Input data and model selection in the PV-battery scenario optimization (‘-> means not

applied).
Input data and model selection
Ambient
. Battery Hot temperature
Examln_ed PV Loads Converters power stack water and hot
scenario . . f
generation consumption rating energy tank water
rating capacity | consumption
profiles
Adjusted
peak output
power 2-,3-,and 5- gABhk\gNSIZ
profiles (0.6 person KWh /‘32
kW to 7.2 household load Ah batte
PV self- kW at consumption 15 types of stack (Soné
consumption | intervals of profiles in one converters 01-09 -
scenario 0.6 kW) in week for four combinations with O 1
one week for seasons (1- intervél
four seasons minute time re-
(1-minute resolution) chpar ¢
time 9
resolution)
Battery stack size/kWh
0.6 e o o 9.56
Number
O o
PV inverter size/kW
0.52 e o o 6
i N
1 Battery charger size/kW ‘//'\\\
0.52 ® o 0| o5 1.64 2.4 35 6

Number

® e @@ ® ® O

Figure 4.23. Series number of the battery stack and the combination of PV inverter and battery charger.

In this study, the pre-charge level of the battery stack is crucially influenced
by seasons and household load consumption, as detailed in Section 4.2. To
determine optimal device sizes, different pre-charge levels during night/off peak
charging of the battery stack SOC (0.1-0.9 with 0.1 intervals) are employed. This

approach aims to identify the best combinations of PV installation, battery stack
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size, and converter power rating over a 10-year period for varying numbers of
occupants in residential settings.

Figure 4.24 illustrates an example of the financial benefits of a PV-battery
energy storage system over 10 years for a 2-occupant household, considering
different device sizes with 0.1 pre-charge level of the battery during off peak
time. The yellow bars highlight instances where financial benefits exceed £500.
The results emphasize that simply scaling up device sizes does not necessarily
lead to higher financial gains, indicating that an optimal configuration exists.

Table 4.19 summarizes the optimal device sizes for different household
occupancies. Notably, smaller PV panel installations and converter
combinations, along with a 5.98 kWh battery stack with 0.1 pre-charge level of
battery stack, prove most economical for 2-occupant households. In contrast, for
3 or 5 occupants, increasing the peak power of the PV string to 3 kW is beneficial,
in conjunction with using a larger 5.98 kWh battery stack required for 5
occupants. Interestingly, it appears that a 0.1 pre-charge level for the battery
stack during off-peak hours maximizes financial returns (financial benefits).
This implies that there is no need for overnight charging for battery stack in all
houses (2, 3, and 5 occupant), as the available SOC stars at 0.1. Moreover, PV
self-utilization rates exceed 70% across all houses, highlighting the efficacy of

the PV-battery system configuration.
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2-Occupant, SOCP,,EZO.I

(2) 0.6 kW PV (b) 1.2 kW PV (c) .8 kW PV 500.0
~ N N . 0.000

gy = : . ‘ -585.0

-1170
-1755
-2340
-2925
-3510
-4095

X-Battery stack series number, Y-Converters combination series number, Z-Financial benefits/ £

(d) 2.4 kW PV (€) 3kW PV (f) 3.6 kW PV

2-Occupant, SOCpre=0.l

(g) 4.2 kW PV (h) 4.8 kW PV
N

X-Battery stack series number, Y-Converters combination series number, Z-Financial benefits/ £
(j) 6 kW PV (k) 6.6 kW P (1) 7.2 kW PV

Figure 4.24. Financial benefits of PV-battery energy storage scenario for 10-year period at 0.1 pre-charge.
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Table 4.19. Optimal devices design for PV-battery energy storage scenario for different house
applications for 10-year period.

Number
of 2 3 5
occupan
ts
Inverter- Inverter- Inverter-
PV Battery Battery PV Battery Battery PV Battery Battery
. stack/k stack/k
Optimal | peak/ | charger Wh - peak/ | charger stack/kWh | peak/ | charger Wh -
devices kW combinat socC kw combinat -SOC,,, kw combinat soC
design ion/kW ore ion/kwW ion/kW pre
1.64- 4.78- 2.4-1.64- 2.4-1.64-
24 1 64-x 01 3 y 4.78-0.1 3 o 5.98-0.1
Electrici
ty cost
W'g{j’”t 8673.4 9880.1 11803
installati
on/t
Financia
|
be':)‘}f'ts 620.51 1278.1 1467.1
optimal
point/f
PV
utilizati
on 72.6 73.41 76.9
rate/%

4.5.3. Sizing for PV-power electronic water heater scenario

In this scenario, the excess PV energy and grid electricity are the only sources

to heat water in a hot water tank, and the excess PV energy stored in the eater

tank is explored as an alternative to battery energy storage. Based on the models,

devices, and electricity tariff outlined in Chapter 3, the optimal configurations

for the PV-power electronic water heater system are determined for households

with 2, 3, and 5 occupants. As detailed in Section 3.5.3, the water in the tank is

initially heated to 90°C using inexpensive grid electricity during off-peak hours.

Excess PV energy is then used to compensate for storage losses and to maintain

a operating water temperature of at least 40°C despite fluctuations caused by hot

water usage and cold-water input during peak hours. This ensures a continuous

availability of supply of hot water for household needs at any time. More details

of models and input data selection for the study case are shown in Table 4.20.
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Table 4.20. Input data and model selection in the PV-power electronic water heater scenario optimization
(‘- means not applied).

Input data and model selection
Ambient
Examined Battery Hot temperature and
: PV Loads Converters stack water
scenario . . - hot water
generation | consumption power rating energy tank .
rating capacity consumption
profiles
Adjusted 15 types of
peak converters
output 2 3- and5- co_mk_)lnathns 2, 3, 5-person
power (similar with household hot
; person 86 L for
profiles the converter water
household o 2- -
(0.6 kW to load combination occupant consumption
PV self- 7.'2 kW at consumption n PV-ba@tery 111 L for proflle_s and
. intervals L scenario ambient
consumption profiles in - 3-
- of 0.6 where the temperature
scenario - one week for . f occupant, S
kW) in difference is profiles in one
four seasons and 161
one week . the battery week for four
(1- minute . L for 5-
for four - charger is seasons (1-
time occupant - -
seasons resolution) changed to minute time
(1-minute the converter resolution)
time for water
resolution) heater)
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Table 4.21 presents the results of the optimization algorithm for the study case.
Due to the intermittent nature of PV generation, the grid electricity is used to
heat water in the water tank during off-peak hours which is essential to ensure
adequate water temperature in the tank all day. Consequently, certain PV panel
and converter combinations are deemed unsuitable for all three household sizes.
For instance, a 0.52 kW PV inverter or a 0.52 kW converter for the electric water
heater is insufficient for all household situations (2, 3, 5-occupant). The small
power rating of the PV inverter and the converter for the water heater restricts
the ability to absorb excess PV energy to heat water during peak hours.
Compared to larger converters, this results in a relatively lower water
temperature, which may drop below the appropriate hot water usage temperature
(40°C) when hot water is consumed, and cold water is injected.

In the 5-occupant household with a larger water tank (161 L) installed, smaller
PV panel installations (e.g., 1.2 kW) suffice because a significant portion of
energy is sourced from the grid during off-peak periods. As a result, the average
hot water temperature in the water tank remains higher and is more robust against
temperature drops when hot water is consumed and cold water is injected.

Conversely, with a small water tank size installation, the robustness against
temperature drops caused by cold water injection is poor. Therefore, smaller PV
installations, such as 1.2 kW and 2.4 kW for a 3-occupant house, are inadequate
to satisfy the hot water usage temperature energy demand, as no peak grid
electricity is consumed.

Moreover, the 5-occupant household exhibits higher electric energy demand
for both household loads and hot water energy demand. Therefore, with the same

PV panel installation and converter power rating utilization for both 2-occupant
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and 5-occupant households, more excess PV energy can be consumed rather than
curtailed in the 5-occupant household. This results in less grid electricity
purchased and higher financial benefits achieved compared to the 2-occupant

household.

Each point tested at different converters combination to select the max point
1.64-1.64kW converters combination (red line)

&y 2000 ¢

E L]

£ 1500 :

> .

£ 1000 - :

2

o]

¥]

= 5004

ey

=]

% 0 Optimal point:

& 3 kW-PV peak output

- 1.64-1.64kW converters combination

3 -500

= 1.64-1 p4kW converters combination | ==#==2 occupants

& (bligg i) ==o— 13 occupants

% == 5 occupants

= — T T T T T T T T T 1 T
0 1 2 3 4 5 6 7 8

PV peak output power (kW)
Figure 4.25. Financial benefits of PV-power electronic water heater scenario at different PV and
converters combination installation for 10-year period.
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Table 4.21. Optimal devices design for PV-power electronic water heater scenario for different house
applications for 10-year period.

Number of

2 3 5
occupants
) PV Invgrter- = Invgrter- PV Inv_erter-
Optimal electric water electric water electric water
- panels/ panels/ panels/
devices KW heater KW heater KW heater
design converter/kwW converter/kwW converter/kwW
3 1.64-1.64 3 1.64-1.64 3 1.64-1.64
Electricity
cost ;"\'/th"”t 12865 14579 17508
installation /£
Financial
benefits of 111.05 16475 2061.7
optimal
point/f
PV utilization
rate/% 56.83 63.46 67.17
Energy consumption for heating water in the tank (weekly average)
Off-peak &
peak energy
consumption 33.18&20.05 38.76&21.69 51.01&23.58
/kWh
4.5.4. Sizing for PV-battery-power electronic water heater
scenario

In this scenario, surplus PV energy is stored in both a hot water tank and a
battery stack to enhance PV utilization and achieve financial benefits. Various
sizes of PV panels (peak power: 0.6 kW to 7.2 kW), combinations of converters
(PV inverter, battery charger, and converter for electric water heater), and battery
stack capacities (0.598 kWh to 9.56 kWh) are evaluated to determine the optimal

device selection.

Battery stack size/lkWh

ceo [om

Number

@ o o o @

PV inverter size/kW
e o 0 6

Battery charger size/kW
e o o

Electric water heater

con.verger/k.w
D@D ODOEee @@ ® ®
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Figure 4.26 illustrates the diverse combinations of converters and battery stacks,
encompassing of 55 converter configurations and 11 battery capacities. More
details of models and input data selection for the study case are shown in Table

4.22.
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Table 4.22. Input data and model selection in the PV-battery-power electronic water heater scenario

optimization.
Input data and model selection
Ambient
. Battery temperature
Examln_ed PV Loads Converters stack Hot water and hot
scenario . . . tank
generation consumption power rating energy - water
- capacity .
rating consumptio
n profiles
. 2,3,5-
g(lj(]l:)zttedu t 0.6 kwWh/ person
P powerp 2-,3-,and 5- 2Ah-9.56 household
profiles (0.6 person kWh/32 86 L for 2- hot Water
household Ah consumptio
kWto 7.2 load batte occupant, n profiles
PV self- kW at . 55 types of Y 111 L for protil
. . consumption stack and ambient
consumption intervals of S converters 3-occupant,
- . profiles in one L (soc temperature
scenario 0.6 kW) in combinations and 161 L oo
week for four 0.1-0.9 profiles in
one week : for 5-
seasons (1- with 0.1 one week
for four . . - occupant
minute time interval for four
seasons (1- h
- . resolution) pre- seasons (1-
minute time i i
. charge) minute time
resolution) .
resolution)
Battery stack size/lkWh
Number
@ O
PV inverter size/lkW
o o o 6
Battery charger size/lkW
Electric water heater
I« /kW
052 conver er 2 1 2 4
Number
O e DR PDEH®eee® @B ® G

Figure 4.26. Series number of the battery stack and the combination of PV inverter, battery charger, and
electric water heater converter.

Figure 4.27 illustrates the financial benefits example at a 0.2 SOC,,, level for

pre
the battery stack in the PV-battery-power electronic water heater scenario over
a 10-year period. Like the PV-power electronic water heater scenario,
configurations with PV panel installations below 2.4 kW peak power cannot
meet the household's hot water energy consumption needs. It was found that

starting from 3 kW peak power generation, the system can consistently provide

hot water at a minimum of 40°C for household use. Therefore, PV installations
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smaller than 2.4 kW are unsuitable for households with 2, 3, and 5 occupants
using the PV/battery/power electronic water heater scenario.

It is found that as the sizes of system components (PV panels, converter power
rating, and battery stack capacity) increase, initial investment costs rise, thereby
reducing overall financial benefits. To determine the optimal device sizes and

optimal SOC

e level for the battery, various combinations of battery stack

capacities, converter configurations, and PV panel sizes are evaluated across
applications with 2, 3, and 5 occupants. The optimal configurations for the study
case are summarized in Table 4.23. Apparently, the PV utilization rate exceeds
74% for all households (2, 3, and 5 occupants) while achieving maximum
financial benefits with this optimal selection. Additionally, the pre-charge level

(8OC,,.) of the battery stack significantly impacts the economic viability of the

entire system. For households with 3 and 5 occupants, setting the battery stack

pre-charge level to 0.3 SOC,,, maximizes financial benefits, while a 0.2 SOC,,,,

level is optimal for 2 occupants.

2-Occupant, SOCpre=0.2
(b) 1.2 kW PV (¢) 1.8 kW PV 1500
T e . 1480
T 740.0
-/ 0.000
-740.0
-1480
) -2220
) -2960
+ SN -4440

Note: The ineligible points are not drawn here s

T~

X-Battery stack series number, Y-Converters combination series number, Z-Financial benefits/ £
(e)3kW P () 3.6 kW PV

(d) 2.4 kW PV

1T T T Tt
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2-Occupant, SOCpre=O.2
(h) 4.8 kW PV (i) 5.4 kW PV

——

1500
1480
740.0
0.000
-740.0
-1480
-2220
-2960
-3700
-4440

(2) 4.2 kW PV

L ~—

>

T S
Note: The ineligible points are not drawn here

X-Battery stack series number, Y-Converters combination series number, Z-Financial benefits/ £

(j) 6 kW PV (k) 6.6 kW PV (1) 7.2 kW PV

Figure 4.27. Financial benefits of PV-battery-power electronic water heater scenario for 10-year period at
0.2 pre-charge.

Table 4.23. Optimal devices design for PV-battery-power electronic water heater scenario for different
house applications for 10-year period.

Number
of
occupant 2 3 5
S
Inverter- Inverter- Inverter-
Battery Battery Battery
PV charger- charger- charger-

) pa electric I:tztctlilrz PV electric SBtthtﬁ/rz PV electric thztctﬁ/rz
Optimal | nel water Wh. | Ppanel water Wh. | panels/ water Wh -
devices sik heater SOC s/IkW heater SOC kw heater SOC
design w converter pre converter pre converter pre

combinatio combinatio combinatio
n/kW n/kw n/kW
3 2.4-1.64- 4.78- 42 2.4-1.64- 5.98- 48 3.5-2.4- 7.17-
1.64 0.2 ) 1.64 0.3 ) 1.64 0.3
Electricit
y cost
without 12863 14680 17772
PV
installati
on/t
Financia
| benefits
of 1599.4 2449.8 3006
optimal
point/£
PV
utilizatio 80.56 74.26 75.74
n rate/%

4.5.5. Comparison of these four scenarios

Table 4.24 presents a comparison of optimal design outcomes based on
financial benefits over a 10-year period for various scenarios. Addressing the

challenge of mismatch between PV generation and household consumption, it is
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found that integrating energy storage devices into PV systems proves
advantageous following the optimization analyses.

Comparing scenarios, employing energy storage systems—specifically battery
storage—enhances system economics and supports larger PV panel installations,
particularly as household electrical device usage increases. This thesis considers
two types of energy storage systems: battery storage and thermal storage in the
form of the hot water tank found in most households. Due to the difficulty in
replicating hot water consumption patterns in PV self-consumption scenarios
and PV-battery energy storage scenarios, comparisons are made between PV
self-consumption versus PV-battery energy storage, and PV-power electronic
water heater versus PV-battery-power electronic water heater scenarios.

Notably, compared to scenarios without PV systems or with PV panels alone,
integrating energy storage devices allows for larger PV panel installations,
thereby increasing the financial benefits. The PV-battery-power electronic water
heater scenario emerges as the most profitable approach for utilizing PV energy.
It not only provides household with hot water but also delivers substantial

financial benefits while achieving a high PV utilization rate (over 74%).
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Table 4.24. The comparison between financial benefits and PV utilization rate for different scenario for
different occupants applications (‘x’ represents the stuff is not applied).

Scenari
o 2 3 5
Inverter- Inverter- Inverter-
Battery Battery Battery
charger- charger-
: Battery : Battery charger- Battery
Devices pZnVeI e\IAeI:;:tt:rc stack/k pZnVeI e\ll\?;:tt:rc stack/k pznvel electric water | stack/k
type Wh - Wh - heater Wh -
s/kW heater soc,, s/kW heater soc,, s/lkW converter soc,,
converter p converter p S p
. o combination/
combinat combinatio KW
ion/kW n/kW

PV %p“.ma' 12 | 052-x-x | x-x 12 | 052-x-x X=X 1.2 0.52-x-x X=X

self- - eS|gr_1
consu | Financial 159.77 264.12 417.89

A benefits/E
mption PV
S| utilizatio 46.35 424 52.64
n rate/%
Optimal 1.64- 4.78- 4.78- 5.98-
b:&/e- design 2.4 1 64-x 01 3 2.4-1.64-x 01 3 2.4-1.64-x 01
energri// Financial 620.51 1278.1 1467.1
benefits/E ) ' )
storage PV
A | utilizatio 72.6 73.41 76.9
n rate/%

PV- Optimal 1.64-x-
power design 3 164 X-X 3 1.64-x-1.64 X-X 3 1.64-x-1.64 X-X
electro | Financial

nic benefits/E 111.05 1647.5 2061.7
water PV
heater | - ilizatio 56.83 63.46 67.17
sce(r; I rate/%

PV- Optimal 2.4-1.64- 4.78- 2.4-1.64- 5.98- 7.17-
battery | design | ° 1,64 02 | %2 164 03 | 48 | 3524164 | ;4
power | Financial
electro | benefits/E 1599.4 2449.8 3006

nic
water PV
heater utilizatio 80.56 74.26 75.74
scenari n rate/%

0
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4.6. Summary

Followed the optimization procedure outlined in Chapter 3, this chapter aims
to determine the most profitable device sizes (PV panels, converters, and battery
stack energy rating) for each given study case. While the input data originates
from England, the optimization methodology (a rule-based approach integrated
with numerical data) can be adapted for use in other regions.

Initially, each scenario undergoes validation to ensure simulation results
adhere to defined constraints. Given the sensitivity of costs of purchased
electricity to the pre-charge level of battery stack, the analysis explores the
impact of different SOC preset levels (ranging from 0.1 to 0.9 at 0.1 intervals)
on both PV-battery energy storage and PV-battery with power electronic
scenarios. Varying SOC preset levels influence battery stack operation, affecting
electricity costs and PV utilization rates. Consequently, flexible adjustment of
battery stack pre-charge levels is essential to maximize economic returns based
on different PV generation and household consumption patterns.

Next, a sensitivity analysis is conducted to examine how various model
parameters and input data factors impact energy and financial outcomes.
Parameters such as DOD range directly influence the available battery energy,
while factors like internal resistance, cut-off power, and standby losses affect
system efficiency. Lower input data resolution diminishes optimization result
accuracy. Finally, after the optimization procedure is proposed for each study
case, the most economically efficient combination of devices and designs are
shown for different household occupancies across various test scenarios.

The results highlight the importance of optimizing the different device sizes

to achieve maximum financial benefits and self-consumption of PV generated
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energy rather than simply installing the largest devices without considering costs.
Compared to other PV utilization scenarios, the PV-battery-power electronic
water heater scenario emerges as the most profitable option, offering a high PV
self-utilization rate of approximately 74% for all 2, 3, and 5 occupants houses at
highest financial benefits while simultaneously providing hot water for

household consumption.
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Chapter 5: Modelling PV-battery-novel power
electronic water heater power system

In this chapter, the circuit topology, modelling method, harmonics
compensation capability, and control algorithm of the proposed power electronic
water heater will be demonstrated, as well as the control algorithms for the PV
inverter and battery DC/DC converter. Subsequently, the proposed power
electronic water heater and its control methods are simulated using PLECS. To
explore different types of PV applications, the performance of the PV inverter
and battery charger is also simulated. Figure 5.1 shows the schematic diagram
of the established PV power system, including battery energy storage system
(battery stack and bidirectional DC/DC converter), PV input, PV inverter, power
electronic water heater system, and autotransformer (used in the experimental
setup for safety operation). Significantly, the power electronic water heater can
be interfaced with either the DC bus or the AC grid. In the optimization chapter,
the topology of the power electronic water heater connected to the DC bus is
examined. Meanwhile, the topology of the power electronic water heater

connected to the AC grid is also identified and evaluated for further study.

164



Battery ‘4% Bidirectional DC/DC

Stack [ o Converter
@ooV)  Poa [
D V(400 V
C bus V(400 V) P Lgrid
— gri
Vgrid
<«——— PV Inverter
P i
PV generation ———— Igrig
Phr
) or _PHR
IHR _in l IHR _in
Y

Electric Water Heater

Converter

e l
A

gy

Heater resistor (RyR)

Power electronic water heater

Grid (240 V)

Autotransformer

Turns ratio (1:1)

Figure 5.1. Schematic diagram of PV-battery-novel power electronic water heater integrated system.
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5.1. The proposed power electronic water heater

5.1.1. The topology of the power electronic water heater

The proposed power electronic water heater is illustrated in Figure 5.2 (a)
when it is connected to the AC grid. It comprises an input LC filter, a diode
rectifier bridge, one IGBT (S,), and three immersion heater loads. To widen the
power consumption range of the water heater, three individual immersion
heating loads are controlled by three cheaper relays switches (S;, S,, S3). Since
the heating element is constructed using wound resistive wire, which may be
inductive, a parasitic inductor (L) will be present in each heating element.
Therefore, a freewheeling diode must be mounted in parallel with the heating
element to eliminate any overvoltage caused during the turn-off transient of the
corresponding switch. Besides, the iy 4, is the input current of the power
electronic water heater and the iy is the current flowing through the heater
resistor.

To accurately consume excess PV power and broaden the power consumption
range, IGBT, S, is PWM-controlled, while the rest of the relays (S, S,, S;) are
used to control the heating load resistance. The LC filter (Lyg jm Cyr i) 1S
designed to reduce the switching current ripple fed into the power grid. The
diode bridge converts AC voltage to DC voltage.

The circuit can be also simplified as shown in Figure 5.2 (b), with just one

heater.
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Figure 5.2. Topology of the proposed power electronic water heater.

It takes significant time for traditional electric water heaters with relays to
adjust to match the amount of surplus PV power, with relay reaction times of
around 50 ms. This delay can result in a mismatch between PV power generation
and power consumption. However, the proposed power electronic water heater
demonstrates better transient performance, as validated by simulation.

First, a simulation model of the proposed power electronic water heater, shown
in Figure 5.2 (a), is built using PLECS software. By controlling the three relay
switches (S;, S,, S3), five different heating resistive loads can be achieved, as
illustrated in Table 5.1. When this power electronic water heater is connected to
a 400V DC input or a 240 V AC input with a 0.5 duty cycle for switch S4, the
input voltage vy ;, and input current i, ;, for different switching combinations
are shown in Figure 5.3 (a) and Figure 5.3 (b), respectively.

The simulation results reveal that the proposed power electronic water heater

exhibits varying input currents in response to switching combinations. This
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indicates that the heater has a broader power consumption range without

requiring extreme duty cycle utilization for Sa.

Table 5.1. 5 types of heating resistance at different switching combinations (0-switching off, 1-swicthing

on).

Stage S s, S, Py

1 0 0 0 0

2 0 1 0 2R,

3 1 0 0 Ryr

0 1 1 Rur

4 1 1 0 2/3R 5

5 1 1 1 1/2Ryz

420 .

{—VHR in —HR in . 12RpR L3
5410- 2
% 400 ! 2% ()
—g ' . L E

390 - . : 03
> 0 \W _
380 j : : — 0
0.1 0.2 0.3 . 0.4 0.5 30.6
Time (s) .
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Figure 5.3. Simulation results of input voltage and current at different switch combinations with (a) DC
input voltage and (b) AC input voltage.

To validate the functionality of harmonics compensation capability and power
consumption of the power electronic water heater, the simplified circuit as
shown in Figure 5.2 (b) is used in the later theoretical waveforms analysis,
experimental and simulation validation. In this topology, the relays (S1, S2, Sa)
controlled resistors are simplified to one resistor.

5.1.2. Switching patterns of simplified circuit.
The theoretical waveforms are depicted in Figure 5.4, which includes the gate

drive signals vess, input voltage and current, vcur_inand ing in, SWitching current
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is4, freewheeling diode current inrp1 and the load current inr. The proposed
power electronic water heater features a buck converter to transform the energy
to the heating load and a shunt filter to eliminate the harmonic generated from
household non-linear loads. The duty cycle Dsw is calculated by the amount of
excess PV power and grid harmonics, which can be seen in the later section.
There are three work modes in each period. Due to the high switching frequency
in the proposed system, the input grid voltage and current are regarded as a
constant value during a switching period. Before interval 1, the switch S is off
and no current flows into the load.

Interval 1 (to, t1): When the switch S4 turns on, the filter capacitor Crr_in IS
discharged while the input grid current inr_in flows into the heating load through
the diode rectifier bridge. The load current starts to increase because of the
existence of parasitic inductor Lnr (32.34 uH). Due to the discontinuous current
mode, there are no switching losses generated in the switch, Sa.

Interval 2 (t1, t2): Ss turns off at start of this interval. The system is in a
freewheeling state due to the diode Di. The load inductor current decreases to
zero rapidly due to very small parasitic inductance. As the diode turns off at zero

current, the reverse recovery losses of the diode are eliminated.

169



cecogeccs

Pt

to

to

A

Isa

IHRD1L

IHR

Figure 5.4. Theory waveform of proposed system.

Interval 3 (t2, to): In this interval, no current flows in the circuit until the next

gate signal comes. The input filter capacitor is charged.
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Also, the power consumption Py of the power electronic water heater can

be given by the work done by iy ;, over one fundamental period 7 which is

expressed as equation (5.1).

T
22
fO s lHR_in*RHRdt

(5.1
Ty

Pyr =
Since the power electronic water heater is connected with grid, the power

consumption Py can be transformed into equation (5.2), where Vyg i, gus i

the rated grid voltage of v,,;4.

- VAR in RMS D 5.2
HR = — o (5.2)

5.1.3. Harmonics compensation capability limitations
exploration

Rather than keeping the duty cycle of the switch constant over the fundamental
grid voltage period, it is possible to add a modulating component that can create
an additional harmonic current, which will superimpose the fundamental current
caused by the constant duty-cycle component. This feature can then be used to
generate desired harmonic currents which will be in antiphase to the background
harmonics produced by nonlinear loads of the household. Since the current
absorbed from the grid can never exceed vy, (#)/Ryg, the limitations of the
power electronic water heater’s harmonics compensation capability can be
identified.

The grid voltage v, is expressed as equation (5.3) where V4, is the peak
of grid voltage.

Vgria(t) = Vgriam sin(wt) (5.3)

The main assumption in this analysis is that a typical nonlinear household load
consists of a diode rectifier front end with a capacitive DC side for smoothing

and some inductance either on the DC or the AC side. This will cause a quasi-
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square wave shaped grid current waveform with the quasi-square wave pulses
synchronized with the sinewave voltage peaks. Since the current absorbed by the
heating resistor becomes maximum around the same voltage peak, for simplicity
of the analysis, it is assumed a simplified square wave pulse shape as depicted

by inon in Waveform in Figure 5.5 (a) where m,,;; (rad) is the pulse width which
is in the range of [0, ] and 1, i ma 18 the peak of the waveform. The Fourier
series expansion of i,,, ;, can be represented as equation (5.4), where n is the
order of harmonic components.

n-1

(-1) 2z

n

X sin(g Mmy,iq) X sin(nwt)
(5.4)

. 4
lnon_in(t) = pu Inon_in_max Z?;J:l,&s

This waveform can be decomposed into a fundamental current component
Inon_in_fina @nd the residual harmonic current i,,, i, qr» @s shown in Figure 5.5

(a), which can be estimated from equation (5.5) and equation (5.6), respectively.

. 4 . Myi .
lnon_in_fund (t) = Elnon_in_max Sln( Zld) Sln((‘)t) (5-5)

inon_in_har (t) = inon_in (t) - inon_in_fund (t) (5-6)

If all harmonics can be compensated, the constraint is that iyp i, after
harmonics compensation (red line in Figure 5.5 (b)) should always be within the

zone constructed by the upper limit of iy ;, (bule dot line in Figure 5.5 (b)) and
the zero line (horizontal axis in Figure 5.5 (b)). Thus, due to the symmetrical
characteristics of 7,0, ju per» feW special points on iy, i, 4er (4, B, C in Figure
5.5 (a)) can be used to judge if the harmonic current is fully compensated. Point
C is located at the one-quarter of the fundamental period (T) of grid voltage and

both points 4 and B are located at (w-m,y;;)/ (20) . Lyon in naras Inon in_hars> a0d
Lyon_in_narc represent the magnitude of residual harmonic current at these three

points, respectively, as expressed by equation (5.7).
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-2

( Inon_in_harA = ?Inon_in_max SINMyyiq

2 .
Inon_in_harB = Inon_in_max(l + ; Sin mwid) (5-7)

_ 4 Myid
Inon_in_harC = Inon_in_max(l x sin T)

im)n_in fund
” {non_in_max {”O”_i”
= -C (T4 'non_in_har
201 ] 0
3
Myigl /@
T T T T T T T
0 T/4 T/2 3T/4 T
iffR i (harmonics uncompensated)
_ V-gr{dm '/ R iqu IHR in (harmonics compensated)
< - el |- igR in upper limit d_ =1
5 0- : ®)
E S =
Vgrld 0% RHR """"""" -
T T T T T
0 T/4 T/2 3T/4 T
Time (s)

Figure 5.5. Demonstration of limitations of the power electronic water heater used for grid harmonics
compensation. (a) Overall household nonlinear input current i, ;,, which is a sum of its fundamental

current i,o, i sima @nd all current harmonics iy, i nqr- (b) Harmonics compensated and uncompensated
power electronic water heater input current iz ;.

The harmonics control duty cycle dj,,,- (S4)used for harmonics compensation

can be calculated from equation (5.8).

l in_har
d — _ _!'nonin 58
har Vgridm sm(wt) HR ( )

Substitute (5.7) into (5.8) we get (5.9). Here djyy 4> djar , and dj,, . represent

the duty cycle used for harmonics compensation at A, B and C, respectively.

2 .
( d _ ;Inon_in_max SInMmy,iq R
har_ A — Vo Myid HR
gridm €0S—;
I (1+2 sinmy,iq)
non_in_max p wid
la, . = —nonin 0 Mwid) b (5.9)
har_B Myid HR
Vgriam cos—,
4 . Myid
d _ Inon_in_max(l_g s V;l_) R
\ “har ¢ = - HR

Vgridm
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d,, for these three points is decided by the non-linear current pulse width
my,q , magnitude 1,,, i max, grid voltage peak V.4, and the heating resistor,
Ry Guon har 18 €xpressed as a common gain for dj,, at these three points, as

depicted as (5.10). Equation (5.11) explores the range of these three points which

are as the function of m,,;; .

Gnon_har = (Inon_in_max X RHR)/Vgridm >0 (5-10)
If A: fr(myiq) = %sin%
(1+%sinmwid)

4 B: fe(Mwia) = =g (5.11)

LC:fC(mwid) =—-1- %sin %)

As shown in Figure 5.6, when m,,,; is selected within the range of [0, x],
S (m,,q) and f(m,,;;) are monotonically increasing functions while f,(m,,;4) is a
monotonically decreasing function which gradually closes to negative infinity at
m,,;;~T, as seen the asymptote line in Figure 5.6. Therefore, the maximum and

minimum values of functions (5.11) are either at m,,;;=0 or m,,;,;=n, as tabulated

in Table 5.2.
6
] — /4 (M)
4 4 fB (mwid)
fC (mwid)
2 -

.

Magnitude
=
1

Asymptote line

24
-4
-6 T T T T T T T
0 z/4 72 3x/4 T
m,,; ;1 (rad)

Figure 5.6. The curves of £, (m,,q), f5(m,,:4), and f(m,,q) as the function of m,,;,.
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Table 5.2 The maximum and minimum values of f,(my;q), fg(Myid), fo(Myiq)-

Mg 0 k4
Sy (myiq) 0 1.273
SpMia) -1 —o0

Due to various non-linear electrical appliances at home, both m,,, and

Lyon_in max vary a lot. To fully compensate harmonics, the total duty cycle

for the switch should be in the range of [0,1], as depicted in (5.12), where the
duty cycle d,, is used for controlling the amount of power consumption because
the power electronic water heater input current is distorted after harmonics
compensation function applied as seen in Figure 5.5 (b). Thus, the limitation can
be described as equation (5.13).

0<dng +dger <1 (5.12)

2 .
;Inon,in,max sinMmyid

) Mwid
Vgriam COs—,

Ryp+dgaee <1

2 .
Inon_in_max(1+; sin myiq)

< dact - Tyid RHR >0 (513)
Vgriam COS%L
4 . Myid
Inon_in_max(1——sin W)
dact - n z RHR =0
\ Vgridm

5.1.4. Comparison with conventional electric water heater
and another filter respectively

5.1.4.1. Comparison with conventional electric water heater

This section outlines the advantages of the proposed power electronic water
heater in utilizing excess PV power and compensating for grid harmonics. These
benefits are demonstrated through two comparisons with both conventional
electric water heaters and shunt filters.

To evaluate the performance of the proposed power electronic water heater
utilized in PV power consumption, the comparison considers factors such as
switch lifetime, switching frequency, compatibility with excess PV power, and
harmonics injection into the grid, as summarized Table 5.3. Compared to relays

or triacs [92][93][94], the IGBT's longer lifetime significantly reduces
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maintenance costs and enhances reliability. Furthermore, the application of
PWM technology and the high switching frequency of the IGBT enable the
proposed water heater to respond quickly and accurately to fluctuations in excess
PV power generation. Additionally, the implementation of an input filter
minimizes harmonics injection into the grid, ensuring improved power quality

in the proposed power electronic water heater.

Table 5.3 Comparison with conventional electric water heater.

Proposed power electronic water
Features Conventional electric water heater
heater

Relay: 100,000 to 10 million operations Reliable for 10-20 years or billions of

Switch lifetime Traics: 100,000 to several million cycles

switching cycles

Relay: 0.1~ up to 100 Hz

Switching frequency Traics: 1-2 kHz

1 kHz~100 kHz

Capability with PV power Hard match with excess PV Easy

Spike produced at non-zero-crossing
Harmonics injection to the grid Minimized by input filter
switching point

5.1.4.2. Comparison with passive and shunt active filter

The proposed power electronic water heater can also function as a shunt filter,
enhancing the power quality of the residential grid. A comparison between the
proposed system and typical shunt filters is presented in Table 5.4. A shunt LC
filter [166], composed of capacitors and inductors, is designed to target specific
harmonic frequencies by providing a low-impedance path for those harmonics.
In contrast, eliminating harmonics of varying orders requires active filters
[167][168], which utilize advanced control algorithms, such as those
implemented in multilevel shunt active filters [169]. However, the extensive use
of power electronics and the complexity of these control systems significantly
increase the overall system cost. In comparison to a basic H-bridge active filter

[170], the proposed system employs only a single IGBT for control. This design
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choice reduces both the cost and the complexity of the control system, making it

a more efficient and economical solution.

Table 5.4 Comparison with another filters.

Passive Filtering
Type (single IGBT Diodes
components frequency Control Cost
phase) number number
number range
Shunt LC filter Capacitor: 1
Inguctor'.l 0 0 Narrow No control Low
[166] ’
H-bridge active -
?2333:)0:'11 4 0 Wide Complex High
filter [170] ’
Proposed power
- Capacitor: 1 - . .
electronic water Inductor: 1 1 5 Wide Simple Medium
heater

5.1.5. Harmonics compensation control schemes

In this paper, there are two harmonics compensation methods compared:
Direct harmonics compensation versus Pl control harmonics compensation.
Besides, due to the need of harmonics extraction, the phase-locked-loop (PLL)
control is also utilized.

5.1.5.1. Single phase PLL
The main task of the PLL is to provide a synchronized phase reference 6 of

grid voltage v,,;, to extract current harmonics. A general structure of the single-

phase PLL is established as shown in Figure 5.7 (a), where an orthogonal voltage
generation system (Figure 5.7 (b)) is deployed to create a virtual signal v, 4.

Compared with other complicated technologies [171], like Hilbert transform and
inverse Park transform, the second order generalized integrator (SOGI) approach

[172] used to create a virtual quadrature signal of v, is easier to be

implemented. Significantly, the factor £ affects the bandwidth of the closed loop
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system. Thus, a couple of quadrature signals vg,,4 ,and v,;; 4 can be used for the

phase locked control.

Orthogonal |Vgrid o
generation
system |Vgrid_g

Vgrid
R

Multiplier —»@——:

" |—af )

Multiplier

Figure 5.7. Control diagrams. (a) General PLL control diagram. (b) Orthogonal generation system of grid
voltage.

5.1.5.2. Direct harmonics compensation method

Figure 5.8 shows the diagram of direct harmonics compensation method. The
non-linear load input current i,,, is firstly sampled and delayed with T/4 to
produce a quadrature component. After the aff/dq transform, the signal is filtered
by the second-order low pass filter (LFP) to extract the DC component. This DC
component is transformed into the fundamental component of i, - through
the inverse transform which is then subtracted by i,,,,, to extract all non-linear

load harmonics i,,, .- TO calculate the duty cycle dj,, used for harmonics
compensation, the extracted i,,,, »q- is multiplied by Ry and divided by vg,q.

Significantly, the zero-crossing points of grid voltage should be excluded and
replaced by a small value in this calculation to avoid the infinite values. Besides,
a negative gain should be added to d,,, to produce a reverse control signal to
compensate these harmonics current. Consequently, the total duty cycle d,,,,;

(diorar=d,,., +dpqr) 1s Used for the switch modulation, where the duty cycle d,, is

used to consume the excess PV power exactly.
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Figure 5.8. Direct harmonics compensation method.

5.1.5.3. Pl control harmonics compensation method

Distinguished from direct harmonics compensation method, the PI control
harmonics compensation method is based on the selective harmonic detection
method [173] to compensate grid harmonics. As more power electronic
appliances utilized in the household level, while each individual appliance may
contribute a negligible amount of harmonic current to the network, the
cumulative effect of numerous such devices could lead to significant harmonic
distortion. In this paper, the 3", 5" 71 and 9" order harmonic are compensated
for example. The control diagram is depicted in Figure 5.9.

[ -30 rd
lgrid ' _ Vnon 3 _har

oy T a9 [0 7 4y

50

0 th
Vnon 5 h
Pl or 00 P g

- Zﬂ th +

0] th

9*6 O ¥ _Vhon 9 _har
e Lo g
(0]

dtotal d

Figure 5.9. The diagram of PI control harmonics compensation method.

To extract these harmonics from the grid current iy,.4, 3, 5, 7, and 9 times of

fundamental grid voltage phase angle 6 are utilized respectively. A negative sign

is needed in the phase angle used in both 3 and 7" of/dq and dg/ap transform,
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since the time delay T/4 for producing the orthogonal signal of grid current can
cause a 3w/2 and 7x/2 phase shift respectively. Similar to the direct harmonics
compensation method, the second order low pass filter (LFP) is also utilized in
the control loop. After the PI control and dq/af transform, the reference signals
(Vion_3"_har+ Vaon_5" _har+ Vaon_7"_har Vaon_9'_nar) @re divided by the grid voltage
veriq @nd then added together to generate dj,, which is then combined with d,.,.
The control signal d;,,- has small-valued unwanted higher order components
produced from these reference signals divided by v,,;,, leading to some higher
order current harmonic injected into grid. Thus, no any other feedback loop is
needed. For example, v,,, o' j,/Veria Produces small 10", 12" ... order
components in d,,, resulting in the 11", 13", order harmonics produced by the
power electronic water heater at the input current. However, these small

components can be neglected practically.
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5.2. PV inverter
5.2.1. Topology of PV inverter

The purpose of the PV inverter in this thesis is to convert the DC current from
the PV panels into AC for the grid or transfer power from the AC grid to the DC
side for charging the battery stack. Figure 5.10 illustrates the topology of the PV

inverter used in the experimental setup. It includes a DC bus capacitor Cy pys,
IGBT switches in an H-bridge configuration, a geometrically symmetrical LCL
filter (Lpoosts Lacs Ricr, Crer), an inductor Ly,,;; simulating the impedance of the
distribution grid and an autotransformer, which was added for safe experimental
operations.

Significantly, for harmonics filtering, the LCL filter is widely used in single-
phase grid-connected converters due to its superior suppression capability of
high-frequency harmonics and the smaller inductance when compared to an L
filter. However, traditional asymmetrical LCL filters can create an imbalance in
impedance between the L-line and N-line, causing common mode (CM) noise to
convert into differential mode (DM) noise [174]. To address this issue, a
symmetrical LCL filter is employed in this thesis. £,;,; in used to indicate the

power of PV inverter output or the power imported from the grid.

DC bus

grld
@ @3 Lboost Igrld Lac rld L-line

1 Cdc_bus {3301
Vo T ‘ RLCL
AC
Lboost _I_CLCL Lac

Autotransformer  N-line

Figure 5.10. PV inverter topology.

181



5.2.2. Control schemes of PV inverter

A well-known proportional -resonant (PR) controller suitable for single-phase
inverter operation, which avoids the challenging stationary frame to synchronous
frame transformation in the single-phase system. The PR controller transfer
function defined as equation (5.14) has been validated as it can track the current
reference with zero steady state error [175]. However, equation (5.18) represents
the ideal PR controller which can cause stability problems due to the infinite
gain. Thus, a damping is introduced to make a non-ideal PR controller as shown
in equation (5.15).

Gpr(s) = Kp + K, ﬁ (5.14)

GPR(S) :KP+K 5

e y— (5.15)

Where K is the proportional gain, K, is the integral gain, w, is the resonant
frequency (grid frequency 50Hz) and wpg. is the bandwidth around the
frequency of w,.

Ideally, the system shown in Figure 5.1 will not have any low order harmonics.
However, the distorted magnetizing current drawn by the transformer due to the
non-linearity in the B-H curve of the magnetic core, the dead time of the switches,
and the distortion of grid voltage can result in the low order harmonics in the
system [176]. According to the IEEE 519-2022 standard, 5 % for the current
total harmonic distortion (THD) factor with individual limits of 4 % for each odd
order harmonic from 3" to 9" and 2 % for 11" to 15". To satisfy the IEEE
standards, the PR controller method is applied for suppressing low order

harmonics in the grid current. Figure 5.11 shows the control scheme of the PV

inverter. 3", 5™ and 7" order harmonics PR controllers are applied which are
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combined with the fundamental PR controller to realize the grid current i,,;,

control and the low order harmonics elimination.

igrid
- - Fundamental component control
Igrid
> »| PR

» 3“PR igrid

Sum Inverter Plant >

y

.| 5"PR

y

7"PR

Low order harmonics elimination control

Figure 5.11. The control scheme of the PV inverter.

5.2.3. PR controllers design for PV inverter

The current reference is sinusoidal: since a PI controller is unable to track a
sinusoidal reference without steady-state errors, the PR controller has been
adopted. The PR controller tracks the current introducing an infinite gain at a
certain frequency. In this section, the PR controllers used for fundamental and

3" 5™ and 7" selective harmonic compensation are designed.

As shown in Figure 5.10, the inductance is evenly distributed on both sides of
the capacitor, which helps maintain balanced current sharing between the
inverter and the grid. Compared with asymmetric LCL filter, the symmetric LCL
filter can a symmetric LCL filter can help suppress common-mode (CM) to
differential-mode (DM) noise conversion more effectively than an asymmetric
LCL filter. Thus, in the symmetric LCL filter, the equivalent inductance on each

side of the capacitor is halved compared to the asymmetric LCL filter.

Firstly, the PR controller for the fundamental component is illustrated. Since

the resistor RicL (2Q2) works as the passive damping to smooth the resonance
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peak of the filter, the capacitor current is not sampled and not used in the loop

for active damping.

Vgrid(s)
i*grid + iC(S) V(S ) igrid
GpR(S) Kpwm l/ZLboost(S) ’Z’ + 1/ZLaCQ(S) e
H;

Figure 5.12.Control loop for fundamental PR controller design.

Figure 5.12 illustrates the PR control loop for the fundamental component.
Ziboost(S), Zc (S), and Zpac(S), is the impedance equation of inductor Lpoost,
capacitor CrcL, and AC side inductance (LactLgria) respectively, as shown in

equation (5.16).
1
Z1poost = 2SLpoost, Zc(s) = m + Rycp, ZLacg =5(2Lgc + Lgrid) (5.16)

Thus, the equivalent control diagram can be seen in Figure 5.18.

1*grid lgrid
+
Hi
Figure 5.13.Equivalent control diagram.
Where:
_ Gpr(s)Kpwm(SCrcLRLcL+1)
Gl (S) B 25%LpoostCLCL (517)
_ sCrcL
Ga(s) = s2(2Lac+ Lgria)CLeL+sCrcLRicL+1 (5.18)
The open loop transfer function can be expressed as:
G(s) = G1(s)G,(s)H; (5.19)
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_ Kpwm(sCrLcLRLcL+1)H;
S 2LboostCLCL(2Lac+ Lgrid)+5 2LpoostCLcLRLcLt2SLpoost

The bandwidth of the resonance which is typically around 10-20 rad/s,

assuming that the bandwidth of the PR controller o p. :
WpRe = 2T (5.21)

The relationship between the system cut-off frequency fc, the sampling

frequency fs, and the resonant frequency fres [177]:

1 1 1
fo S =foand 3f; < fres <3 f; (5.22)

The cutoff frequency fc of the system is usually designed to be far lower than
the sampling frequency fs, and much smaller than the resonant frequency fres of
LCL filter. The Laplace transfer function of this symmetric LCL filter can be

Seen as:

G (S) _ SCLcLRLcLt1
Lce(s) =
¢ $3(2Lac+ Lgria)(2Lpoost)+52 (2Lac+ Lgria)(2Lpoost)CLCLRLCL+S(2Lac+ Lgria+2Lboost)

(5.23)

Where the resonant frequency of this symmetric LCL filter with a series
damping resistor R.cy in the capacitor branch is nearly the same as the undamped

resonance frequency:

1 1
fres ~ E ’LeqCLCL (5.24)

4Lpoost(2Lact Lgria)
Leg = grl (5.25)
2Lpoostt2Lact Lgrid

The components parameters can be seen in Table 5.6. In this thesis, the
sampling frequency fs is 5kHz, and the calculated resonance frequency fres is

around 2.1kHz, which satisfy the limitations shown in equation (5.22).
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Therefore, considering the frequency response of the system lower than the
cut-off frequency, the capacitor of LCL filter can be omitted [178]. The equation

(5.19) can be rewritten as:

G(s) ~ SPUMTL G (s) (5.26)

2SLpoost

The simplified transfer function can be used to design the PR controller
parameters, where the inverter gain can be chosen as Kpyyar = Viae/Viris Vac 1S
the DC bus voltage (400V), and V,,; is the magnitude of the carrier wave, which
is typically set to a value of 1. Ideally when the current sampling has no delay or

filtering, the transfer function of H;(s) = 1.

To validate this, the bode diagram of the original (equation (5.20)) and
simplified (equation (5.26)) converter plant (G(s)/Gpr(s)) is compared, as
shown in Figure 5.14. Apparently, the bode diagram performance of the original
and simplified inverter plan at low frequency (before cut off frequency 500Hz)
is the identical. Thus, the simplified inverter transfer function (5.26) can be used

for PR controller design.

Bode Diagram

Original
Simplified

Magnitude (dB)

1
Cut off frequency: 5001z :
1

Phase (deg)

10! 10° 10° 10
Frequency (radfs)

Figure 5.14.Bode diagram of the original and simplified inverter plant.
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The cut-off frequency fcis selected as 500Hz, which is higher than the
fundamental frequency (fruna=50Hz) and the highest selective harmonic (350Hz)
which needs to be compensated. At cutoff frequency fc, the open loop system
should have unity gain and a specified phase margin @,,, as shown in (5.27) and

(5.28).
GUw)l =1 (5.27)
2G(jwe) = -1+ O,y (5.28)

Substitute equation (5.26) into (5.27) and (5.28). Due to the cut-off frequency
fc is higher than the fundamental frequency (50Hz), it is easily to calculate the
Kp=0.02, and Kp» = 8.6 with phase margin @,, = 82°. To validate the
controller design, the open loop bode diagram is drawn in Figure 5.15. And for
the system performance verification, the bode diagram and step response of the
closed loop can be seen in Figure 5.16 and Figure 5.17 respectively. Apparently,
the PR controller designed for fundamental component can keep the system

stable (around 500Hz bandwidth) with 0.0104s setting time.

Bode Diagram

Magnitude (dB)
IC-.)

Phase (deg)

10 10 10° 10
Frequency (rad/s)

Figure 5.15.Bode diagram of the open loop.
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Bode diagram

Magnitude (dB)

45

Phase (deg)

-90 ' -
10° 10° 10 10°
Frequency (rad/s)

Figure 5.16.Bode diagram of the closed loop.
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Figure 5.17.Step response diagram.
For multiple harmonic compensations (e.g., 3, 5" and 7, three PR

controllers can be implemented in parallel as shown in (5.29), where the n
presents the order of harmonic which needs to be compensated and wpgcn
represents the bandwidth of the resonance which is typically around 10-20 rad/s,

where wpr, = 10 rad/s is selected in this thesis.

N

Gpr(s) = Zn=3,5,7 Ky (5.29)

S242wpRerS+(nwg)?
K, should be high enough to provide significant gain at the harmonic order
but not so high as to cause instability or excessive noise amplification. Similar

with the design of the fundamental PR controller, the bode diagram is used to
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tune K,,,.. Thus, the value of K,,,., along with the phase margin can be seen in

Table 5.5.
Table 5.5. K,,,- for different harmonic PR controller.
Harmonic order K, Phase margin
3rd 26.26 65.8°
5 44 48.7°
70 61.8 30.6°

Thus, the fundamental PR controller, along with the PR controllers for

multiple harmonic compensations (e.g., 39, 51, and 7™") are designed.

5.3. Battery DC/DC converter
5.3.1. Topology of battery DC/DC converter

In this research, the battery energy storage system is designed to store surplus
PV energy during the day and use low-cost grid electricity at night, while
simultaneously maintaining DC bus voltage stability. A bidirectional DC/DC
converter for the battery charger is shown in Figure 5.18 which includes an
inductive filter L,,,, an IGBT switch leg, and a 300 V battery stack simulated by
a bidirectional DC power supply (SM1500-CP-30) in the experimental setup.
The DC/DC converter maintains a constant DC bus voltage, V., at a high-
enough level to avoid over-modulation of the PV inverter. The battery stack
voltage is V;,, and R,,, represents the internal resistance of the battery stack.

izcn Yepresents the total current flows into the battery system.
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Rbat Vdc
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Figure 5.18. The topology of the battery stack charger.

5.3.2. The control scheme of the battery DC/DC converter

Thera are only two subintervals of this bidirectional DC/DC converter.
In the first subinterval, during 0~DT, when the switch S; is on, and the Sz is
off.

dibat —
Lbat ar Vac — Vpat

dvge . .
Cdc_bus ar lpat — ldch

(5.30)

In the first subinterval, during DT,~T, when the switch Sy is off, and the S is

on.
dibat _
Lbat dt = —Vpat
1 (5.31)
Vdc _ .
Cdc_bus at —ldchn

Thus, during one switching period T, the averaged dc model can be expressed
as:

dipat

Lpat dt = Dvgc — Vpar

AVgc .
Cdc_bus ar leat — ldch

(5.32)

Considering ac perturbation: ipq: = Ipar + hats Vac = Vae + Dgc, and d =

D + d. The equation (5.32) can be transferred into (5.33).

190



dipg a ~
Lpat ;t L= (D + d) (Vdc + vdc) — VUpat

e . ) _ (5.33)
Cdc_bus ar (D + d)(lbat + Tpar) — lacn
Thus, the state space ac model is shown in (5.34).
dipa ~ ~ PN
Lpat % = dVqc + DVyc + dVgc — Vpgr
(5.34)

dbge _ 5 o A .
Cdc_bus dat dlbat + leat + dlbat — ldchn

dpy. and di,, can be omitted. Through Laplace Transform of equation
(5.34), it can be expressed as:

{ SLbatibat(S) = d(s)Vdc + Dvdc(s) — VUpat (5 35)

SCdc_busvdc(s) = d($)Ipar + D ipat () — lacn
Thus, the transfer function of i,,; against duty cycle d and DC bus voltage

against iy, can be respectively expressed as:

G3 (S) — ipat(s) — Vic (536)

a(s) SLpat

_vgc(s) _ 1
63(5) N a(s) N SCdc_bus

Ipat (5.37)

Thus, the DC/DC converter’s closed-loop control diagram is shown in Figure

5.19.

Feedforward

Vdc

Gpic(s) H Vdc/SLbatI_"l 1/3Cdc_bus I__>

|I Notch filter l'

Vdc

Figure 5.19. Control diagram of the battery DC/DC converter.

Two loops are employed in this control scheme: an outer slow voltage (V)
loop and an inner fast loop (i,). In the outer loop, a notch filter as shown in

equation (5.38) is applied to reject the 100 Hz ripple which typically exists in
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the single-phase AC system. Gp;-(s) represents the Pl controller for inner

current loop and Gy, (s) represents the PI controller for voltage loop.

s?+w?

G(s) = Ao 5 oms, =

o7 (5.38)

Where, A, is the gain of the filter (1 applied); w,, is the characteristic angular
frequency which is 200z rad/s (f =100 Hz); and Q is the equivalent quality
factor which represents the performance of the notch filter. When higher Q is
applied, narrow bandwidth is achieved. In this thesis, Q=100.

The actual 100 Hz ripple will be seen by the Cpc 4,,- Thus, through the voltage
loop’s PI controller, the DC bus voltage can be maintained at 400 V. Besides,
during the power reversal from the charging to the discharging of the battery
stack, there are typically under/overshoots of the DC bus voltage V., which is
controlled by a fast voltage controller. A feedforward loop is deployed which
aims to produce a reference signal for the battery charger’s inner Pl current
controller. The feedforward signal is produced by the grid power
(0.5%Vg,iq 4 ¥igria 4) divided by the battery stack voltage [179].

For inner current loop, the switching frequency is 5kHz and filter inductor L,
is 3.3mH. Current can change much more rapidly, as it is directly influenced by
the switching actions of the converter and inductive elements. The cutoff

frequency w,,,. Of the inner current loop (equation (5.39)) is design at around

500Hz.
Vac
Gi(s) = SL:M Gpic(s) (5.39)
kic
Gp]c(S) - kpc + T (540)

At the crossover frequency w.,., the open loop system should have unity gain

and a specified phase margin @,.
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1Gi(jweu)| =1 (5.40)
AGi(jwcuc) =-m+ (Dcuc (5-41)

Thus, through the assistance of MATLAB SISOTOOL software, the k. is
designed as a value of 0.032, and k;. is designed as a value of 40.58 which
causes and @, = 72.8°, as shown in Figure 5.20. The bandwidth of the closed
loop is 488Hz, with 0.0022s setting time, as shown in Figure 5.21 and Figure
5.22. It indicates the designed current Pl controller can keep the current loop

stable and fast response.

Bode Diagram

100

Magnitude (dB)

Phase (deg)

-180

10! 10° 10° 10* 10°
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Figure 5.20. Bode diagram of the current open loop.
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Bode Diagram
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Figure 5.21. Bode diagram of the current closed loop.
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Figure 5.22. Step response diagram of the current closed loop.

For the outer voltage control loop, voltage in the system often changes more
slowly since it is influenced by the DC side capacitor (1800uF). This voltage
loop is used to stabilize the DC bus voltage at 400V. The cutoff frequency w, .
of the voltage loop (equation (5.42)) is design at around 50Hz. Notably, during
0-50Hz, the inner current closed loop provides 1 gain as shown in Figure 5.21.

Thus, the transfer function of outer open loop can be simplified as:

1
SCdc_bus

Gy(s) = Gprv(S) (5.42)
Gpiv () = kyy + 722 (5.43)
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At the crossover frequency w,,., the open loop system should have unity gain
and a specified phase margin @,,..

|Gv(iwvoc)| =1 (5-44)
LGi(iwvoc) = =1 + Dyoc (5.45)

Thus, through the assistance of MATLAB SISOTOOL software, the k,,, is
designed as a value of 0.71, and k,, is designed as a value of 107.2 which causes
and @,,, = 69.4°, as shown in Figure 5.23. The bandwidth of the closed loop is
55Hz, with 0.022s setting time, as shown in Figure 5.24 and Figure 5.25. It
indicates the designed current Pl controller can keep the voltage loop stable and
good response speed. Beside, the 100Hz resonant frequency of notch filter is out

of this bandwidth.

Bode Diagram
60 —r

40

Magnitude (dB)

Phase (deg)

Frequency (rad/s)

Figure 5.23. Bode diagram of the voltage open loop.
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Figure 5.24. Bode diagram of the voltage closed loop.
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Figure 5.25. Step response diagram of the voltage closed loop.
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5.4. Excess PV power consumption demonstration

In some household PV application scenarios [180], the generated PV power
Ppy firstly is used to supply with household loads Pjoadgs. Then, the surplus PV
power Ppysur Which equals (Ppv -Pioads), can be sold to grid or stored in the battery
stacks. In this paper, instead of battery energy storage, a cheaper hot water
energy storage is applied. As shown in Figure 5.26, the surplus PV power is
sensed by the grid side high precision energy meter. Through the communication
ports (like RS485 port), the excess PV power information is sent to the micro
controller (like DSP), and then the duty cycle dac is calculated to control the
switch S4 of the power electronic water heater. However, when the heating hot
water power needs exceeds PV power generation, the power electronic water

heater can also absorb power Py from grid.

PV Inverter
F)PV
Poads Control loop
- —_— T _ _
Loads
|PPVsur or Pg - act | |
RHR/Vgrid e E@_
Energy meter | | S4

Power electronic water
heater

Figure 5.26. The diagram of surplus PV consumed by the power electronic water heater.

5.5. Simulation

In this section, the harmonics compensation capability is validated in the
simulation using PLECS software. Additionally, the PV inverter, battery charger,
and proposed power electronic water heater are simulated separately to validate
their stability and transient performance. Since PV inverter and battery DC/DC

converter were built by another person before, and | am not fully aware of their
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component power losses, my work involves configuring the software and
designing control parameters to make these two converters function effectively.
Consequently, it is challenging to match the power dispatch between simulations
and experimental results when validating the performance of the entire system.
Therefore, the performance validation of the PV-battery-power electronic water
heater power system is conducted solely through experimental setup.

Table 5.6 shows the different parameters used in the simulation models and
the experimental setup. R,,,, Cuons Ruon in» and Ly, ;, are used to build the
nonlinear loads which are used to validate the grid harmonics compensation

capability of power electronic water heater, as seen in section 5.5.1.

Table 5.6. Parameters used in the simulation and experimental setup.

Component Parameters Value
Nonlinear load resistor R, 458 Q
Nonlinear load capacitor C,,, 480 uF
Nonlinear load input resistor R,,,, ;, 20Q
Nonlinear load input inductor L, ;, 0.05 mH
Grid side inductor L, 0.15 mH
Power ele(;tromc water heater input |4 mH
inductor Ly ;,
Power electronic water heater input
. 10 uF
capacitor Cyp i,
Heating resistor Ry 15Q
Parasitic inductance of heating resistor L 32.34 uH
Grid voltage vy, 240 Vims
Switching frequency f;,, 5 kHz
Grid voltage fundamental period T 0.02's
DC bus voltage V. 400 V
DC link capacitor Cpc pus 1800 uF
Inverter side inductor Ly, 1.3 mH
Grid side inductor L, 1.2 mH
Damping resistor R, -, 20
LCL filter capacitor C; ;. 2.2 uF
Household Load resistors R; 44 30Q
DC bus voltage V. 400 V
Battery stack voltage V;,q¢ 300 V
Battery side inductor Lj . 3.3mH
DC link capacitor Cpe pyus 1800 uF
Inverter side inductor Ly,s¢ 1.3 mH
Grid side inductor L, 1.2 mH
Dumping resistor R, -, 20
5.5.1. Harmonics compensation capability simulation

validation

As demonstrated in the Section 5.1.5, two harmonics compensation methods

are utilized in this thesis: direct harmonics compensation method and the Pl
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control-based harmonics compensation method (3", 5™, 7", and 9" harmonics
as examples). This section aims to validate the capability limitations of the
proposed power electronic water heater for grid harmonics compensation. The
simulation model is shown in Figure 5.27. It is composed of an adjustable non-
linear load producing a similar harmonic profile as found in most household

consumers, the proposed power electronic water heater, and an inductor (Lg,;; =

0.15 mH) is added to emulate the “weakness” AC grid.

Non-linear load

1 1 . Igrid Lgrid
A A Rnon_in Inon_in
N—L500 = yy F550}
R I—non in H AC Grid
[ non__ - IHR_inl Vgrid ~
Cnon v
A A
4 4
Lr‘;‘n’éﬁin A} A
4 1 Rur
T A
Chr_i T—1 S
S W & Lhr

Power electronic water heater

Figure 5.27. The grid harmonics compensation simulation validation topology.

As analysed in Section 5.1.3, there are limitations to using a power electronic
water heater for harmonic compensation. Specifically, the duty cycle (dj,.)
allocated for harmonic compensation is restricted to the range (—1,1). To achieve
complete harmonic compensation, an additional duty cycle (d,.;) is required.
This ensures that the combined duty cycle (dg.:tdpq,-) TOr the switch S4 remains
within the valid range of (0,1). Through the equation (5.13), a demonstration
example of this limitation is drawn as Figure 5.28, where the tested setup is shown
in Figure 5.27, and the parameters can be seen in Table 5.6. In the Figure 5.28,
the red areas indicate regions where the proposed power electronic water heater can

fully compensate the grid harmonics. Outside these regions, full compensation of
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grid harmonics is not achievable. The compensation capability (highlighted by the
red area in Figure 5.28) varies significantly with different d,.; values (e.g., 0.35
versus 0.05). For a given d ., the compensation effectiveness is influenced by the
pulse width m,,;4; and the peak of the harmonic current, I,,op, in max. 1herefore,
after residential harmonics are sampled, an appropriate d ., can be selected to fully
compensate for these harmonics effectively. However, the implementation of d ;.
can cause active power consumption, but this power consumption can be stored in

hot water by heating resistor Ryg.

(a)d =035

M Full compensation

0 1 2 3 4 5 6 7 8 9
(byd =005

Il Full compensation

0 1 2 3 4 5 6 7 8 9
(A)

non_in_max

Figure 5.28. An example of harmonics compensation capability limitation. (a) dact =0.35. (b) dact =0.05.

(1) Harmonics compensation capability limitation validation- full harmonics
compensation.

In this sector, a large extra duty cycle d,., = 0.35 is utilized, as shown in
Figure 5.28 (a). The nonlinear load current should be in the red region of this
figure. Thus, R,,p in 1s set to 20 Q to decrease the peak of non-linear current
Inon_in- 1€ rest setup parameters can be seen in Table 5.6. Two different
harmonics compensation methods are employed respectively: direct harmonics

compensation and Pl harmonics compensation.
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Initially, the simulation results of these two harmonics compensation methods
are shown in Figure 5.29 and Figure 5.30 respectively. Before 0.1s, there is no
harmonics compensation. both two methods can be used to compensate the grid
harmonics which make the total harmonic distortion (THD) of the grid current
drop from 13.6 % to 4.3 % of direct control, and 2.1 % of PI control. However,

it takes 0.12 s response time for the PI control method to realize the system stable.

Monlinear load current

Z 2 |
E 0
E 2
] - I

Gid 1-"}1[3 2
. 400 e
= 200
& 0
= _E{H} |
=
= 400 |

10 Power electronic watdr heater input current
=
= 0
E
0 . | _
—_ 20 THD=13:6% ':FH —THD=4:3%
= I
E 0
: oV \VVVAVV VN
20 - -
0.00 0.03 010 013 020
Time (=)
Figure 5.29. Simulation results of full harmonics compensation using direct harmonics compensation
method.
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Figure 5.30. Simulation results of full harmonics compensation using PI control-based harmonics
compensation method.

(2) Harmonics compensation capability limitation validation- out of
harmonic compensation capability.

In this sector, a small extra duty cycle d,.; = 0.05 is utilized, as shown in
Figure 5.28 (b). The nonlinear load current should be out of the red region of this
figure. Thus, R0, in IS set to 0 Q to increase the peak of non-linear current
Inon in- The rest setup parameters can be seen in Table 5.6. Two different
harmonics compensation methods are employed respectively: direct harmonics
compensation and Pl harmonics compensation.

As shown in Figure 5.31 and Figure 5.32, the THD of grid harmonics drops
from 126% to 86% for direct harmonics compensation method and 76% for the

Pl-based harmonics compensation method, respectively. Only a part of
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harmonics can be compensated, it indicates a sufficient extra duty cycle d,; is

needed to fully compensate grid harmonics caused by nonlinear loads.

Monlinear load current
10 I

Current (4]

Voltage (V)
bi_zs

Power Elﬁl:l:fﬂﬂit water heater input current

Current (A
Il_.ll oo LA

Before compensation I Girid current After compensation
20 THD=126% | : _ THD=86%

<

R

E '|||||I””'l”I
“ 0

0.05 'I].J'I] 0.15 020 025
Time (z)

=
=

Figure 5.31. Simulation results of a part of harmonics compensation using direct harmonics compensation
method.

203



MNonlinear load current

20- : | -
204 K ||||[||||||||

Current ()
=

| Gid voltage |
= 200
2
£ o I |
200
0 Power elecfronic water heater input fpurrent
< 201
E 0
5 ] | |
_.‘I_ﬂ
Before compensation Cirid current Alfter compensation
= W THD=126% Olzs THD=76%
< 20 | |
E 0
E -20-
A0
0.00 0.03 0.10 0.15 020 023
Time (=)

Figure 5.32. Simulation results of a part of harmonics compensation using PI-based harmonics
compensation method.

5.5.2. PV inverter and battery charging system performance
A battery stack is employed to maintain a stable DC bus voltage while the PV

inverter interfaces with the grid. Using PLECS, simulation models for the PV
inverter and battery charger are constructed and simulated to validate their
individual performances. This process ensures that each component functions
correctly before integration into the overall PV power system.

Figure 5.33 illustrates the performance of the PV inverter across different
output power levels, demonstrating the effective operation of the PR
(proportional-resonant) controller. Grid voltage and DC bus voltage remain

stable during PV power variation.
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Figure 5.33. Performance of PV inverter at different output power with the PR controller.

Figure 5.34 and Figure 5.35 depict the transient performance of the battery
DC/DC converter 's current control loop and double-loop control (including a
voltage loop), respectively. In this simulation, the transient process of battery
stack voltage and current, and DC bus voltage are shown. These simulations aim
to validate the battery DC/DC converter control design detailed in Section 5.3.
The results demonstrate that the battery stack effectively tracks changes in the
DC bus voltage. This allows the battery DC/DC converter to either absorb or

release power as needed to maintain the stability of the DC bus voltage (400 V).
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Figure 5.34. Transient performance of battery charger’s current loop.
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Figure 5.35. Transient performance of battery charger’s double loop controller (current and voltage loop).
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5.6. Summary

This chapter details the topology and control algorithms of the PV inverter,
battery DC/DC converter, and power electronic water heater, which can be
integrated to form various PV power system configurations. Unlike conventional
relay-based electric water heaters, this thesis introduces a novel power electronic
water heater that not only consumes exact surplus PV energy but also
compensates for grid harmonics caused by household non-linear loads.

In addition to conventional power consumption control methods, auxiliary
control schemes are implemented to meet relevant grid standards and enhance
system performance. These include low-order harmonics compensation
controllers for the PV inverter and feedforward control for the battery charger.

Furthermore, a simulation model of the proposed power electronic water
heater is developed in PLECS to validate its harmonics compensation and
precise excess PV power consumption capabilities. Simulations of the PV
inverter and battery DC/DC converter are also conducted. The results confirm
that the proposed power electronic water heater effectively addresses both
harmonics compensation and excess PV power consumption requirements,
while demonstrating robust performance of the PV inverter and battery DC/DC

converter control algorithms.
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Chapter 6: Experimental results

In this chapter, two main experimental validation tasks will be performed. The
first task is to verify the capability of the proposed power electronic water heater
to dissipate the exact amount of excess PV power available and to facilitate
harmonic compensation for current distortion produced by household appliances,
typically those fed by diode rectifiers. The second task is to evaluate the
performance of the PV-battery-power electronic water heater system prototype
and validate the stability and transient performance of the power system under
varying PV generation and load demands. Additionally, practical issues such as
eliminating low-order grid current harmonics caused by grid voltage distortion
are addressed.

The control algorithms are implemented on a digital signal processor (DSP
C6713), and the drive signals for the IGBT switches are generated by a field-
programmable gate array (FPGA), which produces timings according to duty
cycle references from the DSP. The PV array is emulated by a DC power supply
(EA-PSI 9750-20) with a maximum voltage rating of 750 V and a current rating
of 20 A. The battery stack is emulated by a bidirectional DC power supply
(SM1500-CP-30) with a maximum voltage rating of 1500 V and a current rating
of £30 A. Additionally, a AC power supply (model 61705) (0-300V,
15-1200 Hz, Max 32A and 12 kVA) is used in the power electronic water heater
for grid harmonics compensation experiments. An autotransformer is used in the
rest experiments as it allows the bidirectional power flow and safety operation.
The established test bench of the experimental prototype is shown in Figure 6.1,
with detailed hardware figures of each subsystem provided in later sections. And

the components parameters can be seen in Table 5.6.
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Autotransformer Power electronic Water heater and non-linear Ioad

o b =

Battery DC/DC converter and PV inverter

(In the box)
~

Figure 6.1. The entire established experimental prototype.

6.1. Experimental evaluation of the power electronic
water heater

Following the harmonics compensation control schemes outlined in Section
5.1.5, the next step is to validate the precise power consumption and capability
of the proposed electric water heater for grid current harmonics compensation in

the experimental setup.

To emulate a non-linear load, a diode rectifier is used to feed a smoothing
capacitor and load resistor (R,,, and C,,,,). Additionally, to control input current

surges of the non-linear load, an extra input resistor R, ;, and an inductor

Ly0n in are added in series on the AC side of the non-linear load.

To replicate realistic grid conditions and challenge the harmonic compensation
capabilities of the proposed circuit, an AC electronic voltage source (model

61705) was utilized as the grid simulator. The voltage of this AC source is setting
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as 240Vrms and an inductor Ly, = 0.15 mH is connected in series with the AC

power supply to emulate the grid impedance.

The experimental hardware setup of the proposed power electronic water

heater and non-linear load is depicted in Figure 6.2.

=

v

Figure 6.2. The hardware figure of the proposed power electronic water heater and non-linear load.

Due to safety regulations in the laboratory environment, a water tank and
immersion heater resistor could not be directly used. Instead, they were
substituted with a similar air-cooled resistor with comparable power dissipation
and parasitic inductance, as depicted in Figure 6.3. This substitution ensures that
the experimental setup closely approximates the operational conditions of the

proposed power electronic water heater in a real-world scenario.
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(a) Practical immersion heater (b) Coil winding resistors

Figure 6.3. The pictures of the practical immersion heater and coil winding resistors. (a) Practical
immersion heater which has three individual resistors. (b) Coil winding resistors used in the experiment.

To ensure that this is a reasonable replacement from the point of view of
parasitic, the parasitic inductance of the real immersion heater and of the wound
air-cooled tor were measured with an impedance analyzer (KEYSIGHT
E4990A). Table 6.1 shows the parasitic inductance of one immersion heater (5Q)
and one coil winding resistor (10Q) (TE 1500B 10RJ) at few relevant
frequencies. To construct 15Q heating load, three individual immersed heaters,
each with a resistance of 5 €2, are connected in series, resulting in a total parasitic
inductance of 26.67 puH. For lab testing, a load is constructed using two coil
resistors (each 10 Q) connected in parallel, followed by a series connection with
a third 10 Q resistor. This configuration achieves a total resistance of 15 Q and
a parasitic inductance of 32.34 pH. The difference in total inductance between
the two configurations is minimal. Furthermore, compared to the load resistance
(15 Q), the parasitic inductance is insignificant. As discussed previously, due to
the discontinuous current in the heating load, the parasitic inductance can be

effectively ignored.

Table 6.1. The measurement inductance of one immersed heater and one coil winding resistor.

Frequency (Hz)
Component 50 | 5k [ 10k | 20k [ 50 k
Inductance (uH)
Heater 10.26 8.89 8.77 8.6 8.42
Coil winding
resistor 21.56 20.15 19 19.76 19.51
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6.1.1. Power consumption tests

Due to the needs of active power consumption for grid harmonics
compensation test, power electronic water heater is connected to AC grid to
facilitate the simple power consumption test. In the experimental test, the
topology of the proposed power electronic water heater shown in Figure 5.2 (b)
is used. When the duty cycle of the switch drops from the 0.4 to 0.21, the
experimental results of vg,.4, ifg in, iz 1S Shown in Figure 6.4 (a). It takes around
2.5 ms to settle the current dropping from 6.2A to 3.2 A. Thus, compared to the
conventional relay-based electric water heater, the proposed power electronic
water heater can quickly adjust power consumption using PWM technology.
This allows for more accurate and rapid consumption of excess PV energy.
Besides, from the current i, flowing through the tested resistor, it also indicates
that the impacts of parasitic inductance (32.34 uH) on this process can be
negligible, since the extended current is quickly down to zero (about 0.02 ms)
during the IGBT is turned off.

200y 2 albaAs = 4 10.08/ B3.80z 0.000z¢ Stop

Time (§ ms/div]

Vyrid (200 V/dl'\/) 25

5 ms
(/
T ATl e OAMY)
h) %\ .
)
4 :
HR =1.40 kW PHR —0.76 k
By
g (50 A/div)

Figure 6.4. Experimental results (vg,;4, ing ;, and izg) With sudden duty cycle change. Yellow-grid
voltage, purple-grid current, and green-heater resistor current.
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6.1.2. Harmonics compensation capability tests
6.1.2.1. Harmonics compensation transient tests

The schematic diagram of harmonics compensation capability test is shown in
Figure 5.27. d,, is set to 0.18, resulting in a power consumption of 0.69 kW.

Additionally, R,y is fixed at 20 Q. The transient performance of two

harmonics compensation methods is examined: the direct harmonics
compensation method and the PI control harmonics compensation method. The

transient experimental results of the grid voltage v,,,4, grid current i,,;;, non-
linear load input current i,,, ;,, and the power electronic water heater input
current iyp 4, for these two methods are shown in Figure 6.5 (a) and (b)

respectively. It is evident that the power electronic water heater can compensate
the grid current harmonics no matter which type of compensation method is
utilized. However, compared with direct compensation method, the response
speed of the PI control method is much lower, taking 0.12 s to reach the stability
in this experiment since a low pass filter is employed to extract the selected order
harmonic in the PI control scheme.
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Figure 6.5. Experimental results of respond speed for two harmonics compensation methods. (a) The direct
harmonics compensation method. (b) The PI control harmonics compensation method. Grid voltage v,
(vellow line), grid current i,,;; (purple line), non-linear load input current i,,, ;, (blue line), and power
electronic water heater input current iy, ;, (green line).
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6.1.2.2. Steady state tests

To ensure there is sufficient margin for the control action to manage distorted
current without exceeding the maximum current absorption capability of the
resistor (vgyia/Rur) » dae,=0.35 is utilized for switch which causes about 1.3 kW
power consumption and R,,, ; is set as 20 © to limit non-linear load input
current i,,, ;, . The capability of power electronic water heater used for

harmonics compensation was tested in direct harmonics compensation method
and PI control harmonics compensation method respectively.

Figure 6.6 shows the experimental results of grid voltage v,,;,, grid current
ierig» NON-linear load input current i, ;,, and the power electronic water heater
input current iyg ;5 at uncompensated Figure 6.6 (a), direct harmonics

compensation Figure 6.6 (b), and PI control harmonics compensation method
Figure 6.6 (c). The proposed power electronic water heater can remove the grid

harmonics caused by the household nonlinear load when the heater consumes
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enough power to heat water. Figure 6.7 shows the fast Fourier transform (FFT)
analysis of grid current i,,,; which is done by power analyser (KinetiQ PPA2530)
where the value of each order of harmonic current is shown in Figure 6.7 (a) and
their magnitude compared to the grid fundamental current is shown in Figure 6.7
(b). It is evident that the selected order of harmonic current (3", 5, 7, 9) js
almost compensated after the harmonic compensation control applied. However,
compared with the direct compensation method, Pl harmonics compensation
method has higher accuracy on the capability of harmonics compensation.
Through the THD (total harmonic distortion) analysis of 7,,,; depicted in Table
6.2, the harmonics compensation capability of Pl control method almost doubles

than that of direct method.
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Figure 6.7. FFT analysis of grid current i,;, at full harmonics compensation. (a) The value of each

harmonic order. (2) The magnitude of each harmonic order compared with grid current fundamental
component.

Table 6.2. THD of grid current iy, at full harmonics compensation.

Direct compensation PI control
Methods Uncompensated compensation
THD % 15.71 4.75 2.53

4.2.1 Determining the limitations of the harmonics
compensation capability

In this section, the limitations of the proposed power electronic water heater
used for grid harmonics compensation are discussed. From the analysis of
Section 5.1.3, the power electronic water heater input current iy ,, after
harmonics compensation should be always inside the envelop of the upper limit
of iy ;» (switch constantly conducted). Thus, the power electronic water heater
should consume a proper amount of power which cannot be too small or large to
satisfy the full harmonics compensation condition.

To validate this analysis, a small duty cycle d,.,=0.05 is utilized for switch S,

which causes 0.19 kW power consumption and the R,,,, ;, is removed to create

large peaks in non-linear load input current ,,, ;. Thus, compared with full
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harmonics compensation situation, the smaller iy ;, and larger i,,, ;, are used
to examine the power electronic water heater used for grid harmonics
compensation. Similarly, Figure 6.8 and Figure 6.9 show the experimental
results of part harmonics compensation in the grid current and the FFT of the
grid current respectively. Clearly, both direct and PI control method can only
compensate a part of grid current harmonics as seen by the THD in Table 6.3,
but PI control harmonics compensation method performs better than direct

compensation method at 39, 5, 7™ and 9" order harmonic.
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Figure 6.9. FFT analysis of grid current i,,;; at part harmonics compensation. (a) The value of each
harmonic order. (2) The magnitude of each harmonic order compared with grid current fundamental
component.

d harmonic order

However, through the comparison of Figure 6.7 and Figure 6.9, it is evident
that there is a little increase of harmonic amount in high order harmonics like
17" and 19" when the direct harmonics compensation method is applied. The
time delay caused by the digital DSP control affects more in higher order
harmonic compensation, which leads to an increase in higher order harmonics
(17" and 19™). Besides, due to the uncompensated harmonics, especially 11"
and 13" order harmonic, they increase a little in Pl control harmonics
compensation method since the power electronic water heater produces little
compensating harmonics into grid in PI control method (seen in Figure 6.7 and

Figure 6.9) which is analysed in Section 5.1.5.

Table 6.3. THD of grid current i ;4 when the harmonics compensation capability is limited by the
current envelope (Vgria/Rug)-

Direct compensation P1 control
Methods Uncompensated compensation
THD % 113 78.81 62.69
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6.2. Experimental tests of PV inverter and battery
DC/DC converter

In this section, to validate the performance of the PV-battery-novel power
electronic water heater power system, each subsystem (PV inverter, battery
energy storage system, and power electronic water heater) needs to be tested
separately. Figure 6.10 shows the hardware setup of the battery DC/DC
converter and PV inverter, while Figure 6.2 illustrates the hardware setup of the
power electronic water heater. Significantly, the hardware in Figure 6.10 was
not built by myself, and my work is to fix the control codes to make the system
work.

Apart from the conventional tests to validate stability and transient
performance of the battery DC/DC converter and PV inverter, this section
addresses practical issues such as grid harmonics arising from grid voltage
distortion. Besides, as shown in Section 5.3.2, a notch filter is used to 100 Hz to
reject the 100 Hz ripple in the DC bus voltage V.. These challenges are tackled
to ensure robust performance and functionality of the integrated PV-battery-

power electronic water heater system.
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Figure 6.10. Battery DC/DC converter and PV inverter hardware figure.

6.2.1. Grid-connected PV inverter experimental tests

As shown in Figure 5.1, an autotransformer is utilized for the experimental
safety operation. However, due to the distortion caused by the autotransformer,
the grid voltage exhibits low-order harmonics, leading to much grid current
produced, as shown in Figure 6.11. To address this issue, harmonics
compensation proportional-resonant (PR) controllers targeting the (395", 7t
harmonics are implemented in this experiment, as described in Section 5.2.2.

The experimental results of grid current 7.4, grid voltage v,,,;, and DC bus

voltage V. with and without harmonics compensation are illustrated in Figure
6.12. Additionally, Figure 6.13 presents the FFT analysis of grid current
harmonics.

Before compensation, THD of the grid current is 7%, which is reduced to 3.32%

after applying low-order harmonics compensation. This reduction confirms that

223



the harmonics compensation PR controllers effectively, demonstrating their

robust performance in mitigating grid harmonic distortions.

3.0

2.5 I Grid voltage

Mag(% of Fundamental)
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Grid voltage harmonics order
Figure 6.11. FFT of output voltage of autotransformer.
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Figure 6.12. Experimental results of PV inverter grid connection test with/without low order harmonics
compensation. Yellow-grid voltage, blue-grid current, and green-DC bus voltage.
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Figure 6.13. FFT analysis of grid current.

Figure 6.14 shows the experimental results of DC bus voltage (400 V), grid
voltage (240 V), and grid current when the power transferred by PV inverter
dropping from 1.15 kW to 0.79 kW which indicates the good transient

performance the PR controller.
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Figure 6.14. Experimental results of the power transferred changing. Yellow-grid voltage, purple-grid
current, and green-DC bus voltage.

6.2.2. Battery DC/DC converter experimental tests
The battery stack is designed to absorb surplus PV energy, store grid electricity

during off-peak hours, and release stored energy during peak demand periods.
Figure 6.15 depicts the experimental test of the inner current loop of the battery
DC/DC converter, specifically demonstrating constant current charging of the

battery which can be seen in 5.3.2.

In the experiment, when the battery charging current reference iy, increases
from 2.69 A to 5.38 A, the battery DC/DC converter successfully adjusts to
follow the new current reference within 2 ms. This rapid response time highlights
the efficient performance of the battery DC/DC converter in maintaining precise
control over charging currents, crucial for optimizing battery charging efficiency

and stability in varying load conditions.
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Figure 6.15. The inner current loop experimental test of battery DC/DC converter during a battery current
step experimental test. Yellow-battery voltage, blue battery current, and green-DC bus voltage.

Following the control scheme detailed in Section 5.3.2, the experimental test
results of the battery DC/DC converter with double-loop PI control are presented
in Figure 6.16. This setup is designed to maintain stability in the DC bus voltage
when the DC bus voltage fluctuates.

Therefore, to test the performance of the double-loop in the experiment, the
DC bus voltage reference 7, drops from 400 V to 370 V, simulating a scenario
where the DC bus voltage is fluctuated. It is observed that the battery DC/DC
converter adjusts to follow the new DC bus voltage reference within 40 ms. This
response time indicates the performance of the double-loop Pl control in
effectively regulating the DC bus voltage, ensuring stable operation of the

battery DC/DC converter under dynamic operating conditions.
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Figure 6.16. The double loops experimental tests of the battery DC/DC converter nested controller test to
a DC-link reference voltage step change from 400 V to 370V. Yellow-battery voltage, blue-battery
current, and green-DC bus voltage.

6.3. The performance of PV-battery-power
electronic water heater power system

Given the variability inherent in PV generation and household load
consumption, which can significantly impact the stability of power systems,
particularly in distributed setups, it is crucial to evaluate the PV-battery-power
electronic water heater power system. This section presents experimental
examples under varying PV generation or household load consumption
conditions to validate the stability and transient performance of the power system.

6.3.1. Performance of PV-battery power system

AS the important subsystem of PV-power electronic water heater system, the
performance of PV-battery power system is firstly validated. The topology of PV-

battery power system is shown in Figure 6.17. When the PV generation/loads

demand changes, the experimental results of grid voltage v,,.q, grid current iy,

DC bus voltage V,., battery stack current i,,, at different system operation

situations are shown. Since no loads are implemented in the experimental setup,
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the grid power P,,,; is used to indicate the power output of PV inverter or the

power imported from grid.
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Figure 6.17. Topology of PV-battery power system.

Figure 6.18 is to emulate the situation where the battery is charged by grid
electricity and then discharged to satisfy the household loads demand, and PV
generation is zero. When the grid power P, commutates at +£0.42 kW
(‘positive’ means power output from the PV inverter, ‘negative’ means grid
power imported), battery stack can be charged/discharged quickly to keep the

system power balance.
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Figure 6.18. Experimental results of battery charging/discharging process from the grid. Green-DC bus
voltage, yellow-grid voltage, purple-grid current, blue battery current.

Figure 6.19 is to emulate the situation that when the PV generation changes
and loads demand changes at short time interval, the battery stack can absorb the
excess PV energy or release energy to keep the system stable. In this situation,
the PV output power firstly increases from 0.57 kW to 1.3 kW, followed by the

loads demand quickly decreasing from 1.2 kW to 0.64 kW.
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Figure 6.19. Experimental results of battery charging/discharging process from the grid under varying PV
generation and loads consumption. Green-DC bus voltage, yellow-grid voltage, purple-grid current, blue
battery current.

6.3.2. Performance of the entire PV-battery-power electronic
water heater power system

In the optimization chapter (Chapter 3), only the power electronic water heater
operating with DC input is considered, to absorb excess PV energy without
incurring PV inverter energy losses. However, practically, the proposed power
electronic water heater can also operate with AC voltage input. The system
performance is also evaluated for the further study when the power electronic
water heater is connected to AC grid. Therefore, in this section, the performance
of the entire power system is evaluated under either DC input or AC input
conditions for the power electronic water heater. Figure 6.20 shows the entire
system topology when the power electronic water heater is connected to DC bus,
while Figure 6.21 shows the entire system topology when the power electronic

water heater is connected to AC grid.
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Figure 6.20. Topology of the entire PV-battery-power electronic water heater system when power
electronic water heater is connected to AC grid.
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Figure 6.21. Topology of the entire PV-battery-power electronic water heater system when power
electronic water heater is connected to AC grid.

6.3.2.1. DC input of power electronic water heater

Due to the maximum current limitation of the experimental setup, the 71 Q
heating resistors is used in this situation. Figure 6.22 is to emulate the situation
when the entire system is under varying household loads demand and PV
generation. When the household loads demand P,,,; increases from 0.55 kW to
1.15kW, and PV generation drops from 1.1 kW to 0.64 kW, both power
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electronic water heater and battery stack can be used to absorb the excess PV
energy initially, and then the battery stack is discharged to satisfy the loads
demand and the water heater stops working when the PV generation is deficit. It
validates the stability and transient performance of power system when the

power electronic water heater is connected to the DC bus.
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Figure 6.22. Experimental results of power electronic water heater and battery under varying loads
demand and PV generation. Green-input current of power electronic water heater, yellow-grid voltage,
purple-grid current, blue battery current.

6.3.2.2. AC input of power electronic water heater

For the further study, the power system stability and transient performance is
validated when the power electronic water heater is connected in AC grid. In this
situation, 15 Q heat resistor is used to increase the power consumption
compared to 71 Q heat resistor. Figure 6.23 is to emulate the situation when both
grid electricity and PV energy is used to heat water and charge the battery stack
under varying PV generation. When the power of heating water is constant at
0.78 kW, the battery stack can quickly match the excess PV power which
increases from 0.35 kW to 1.1 kW, to keep the system stable. It validates the
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power system stability and transient performance when the power electronic
water heater is connected to the AC grid. Importantly, the presence of low-order
grid harmonics in the grid current, attributed to grid voltage distortion from the

autotransformer magnetic core (as shown the schematic diagram in Figure 5.1),

is noted.
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Figure 6.23. Experimental results of power electronic water heater and battery under varying PV
generation. Green-input current of power electronic water heater, yellow-grid voltage, purple-grid current,
blue battery current.

These experimental findings validate the flexibility and effectiveness of the
proposed power electronic water heater in interfacing with either DC bus or AC

grid, maintaining system stability under varying operational conditions.
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6.4. Summary

In the chapter, there are two main experimental validation tasks: the proposed
power electronic water heater used for grid harmonics compensation capability
and the performance (stability and transient) of PV-battery-power electronic
water heater power system.

Compared to the existent products, this power electronic water heater can
consume an exact amount of excess PV power (PWM technology) and has the
capability to compensate grid harmonics when it is interfaced with an AC grid.

1) The capability to cancel grid current harmonics depends on the amount
of excess PV power processed by the domestic power electronic water heater
and the shape of non-linear load current, especially its width and the peak
value.

2) Compared with direct harmonics compensation control method, Pl
control harmonics compensation method has better harmonics compensation
capability but lower dynamic response speed.

The distributed nature of power systems poses inherent challenges to stability,
primarily due to the unpredictability and fluctuation of PV generation and loads
consumption. Additionally, some practical issues such as the grid current
harmonics caused by grid voltage distortion, are addressed.

To address these challenges, a PV-battery-power electronic water heater
power system was established and rigorously tested under varying conditions of
PV generation and loads consumption. The experimental findings underscored
the good performance of the whole power system.

Especially, the proposed power electronic water heater can integrate into both

DC bus and AC grid configurations. Although only DC input for the power
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electronic water heater is considered in the optimization process, the
performance validation can be also used for the further optimization study

(different power system topology) where the power electronic water heater is

connected to the grid.
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Chapter 7: Conclusion and future work
7.1. Conclusion

In recent years, there has been a notable increase in residential PV system
installations driven by high energy process and the move towards sustainability.
Traditionally, the surplus PV generation was often fed back to the grid, initially
due to the high financial rewards provided by the feed in tariffs but this approach
is no longer appealing due to the removal of PV energy export subsidies and low
energy prices offered by electricity suppliers. To further enhance PV penetration,
a more viable strategy needs to be used which involves maximizing self-
consumption of generated energy that would replace electricity consumption
during peak energy prices. This is achieved by integrating energy storage
systems that store excess PV energy for later use. Two prominent methods for
energy storage in residential PV applications are battery energy storage and
thermal storage, particularly using existing hot water tanks.

Given the high costs associated with installing the PV panels and the batteries,
it is crucial to optimize the sizing of system components to avoid unnecessary
oversizing that produces little financial benefits whilst increasing overall system
costs. This research addresses this challenge by focusing on developing an
economically efficient residential PV power system integrated with energy
storage. Through an optimization process, the system components are sized
optimally, ensuring a cost-effective design scheme calculated over a 10-year
period.

One key innovation of this research is the development of a novel power
electronic water heater with precise dissipation of excess PV power. This device

not only enhances self-consumption by precisely utilizing only the excess PV
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power available at any time but also reduces grid harmonics produced by other
household appliances through its integrated compensation capability, which
means a more grid friendly interface of household that would increase the
capacity of the distribution grid to handle more power and reduce its associated
losses caused by current harmonics. By mitigating grid harmonics and
maximizing the utilization of surplus PV energy, the proposed power electronic
water heater contributes significantly to the efficiency and sustainability of
residential PV systems and the associated distribution grids.

Overall, this research aims to build a cost-effective residential PV system
through optimized component sizing and innovative technology, thereby

promoting greater adoption of renewable energy solutions in residential settings.
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7.2. Contributions

The scientific contributions of this PhD thesis are found in the following
chapters:

Chapter 4 details the optimization procedure for the case study to determine
the optimal sizing for four types of PV applications: 1) PV self-consumption, 2)
PV-battery energy storage, 3) PV-power electronic water heater, and 4) PV-
battery-power electronic water heater scenarios. Initially, each scenario is
examined to validate if the results obey the defined constraints. Followed by the
sensitive analysis, including different level of overnight battery charge to a

predefined state of charge SOC,, of the battery stack, different converter

models and battery models applied, and different input dataset (occupants versus
time resolution), the impacts of these factors on the optimization results are
analysed. Besides, Electricity sold back to the grid is not considered, as the UK
government decided in 2019 that feed-in tariffs should be market-driven, making
them more unpredictable. The impact of feed-in tariff fluctuations on the results
is mitigated in this thesis. Lastly, the optimal sizing results are presented and
compared across these four PV application scenarios. The findings indicate that
maximum financial benefits can be achieved by integrating both hot water
energy storage and a battery stack, while maintaining a high PV utilization rate
(over 74%) for different household sizes (2, 3, and 5 occupants) over a 10-year
period.

Chapter 5, the PV-battery-power electronic water heater power system with
the topology and control schemes are depicted. Especially, a novel power
electronic water heater is proposed which can be used for grid harmonics

compensation and consume the excess PV energy exactly. Except for the
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topology, modelling and control methods, the harmonics compensation
capability limitations of the power electronic water heater is also analysed by the
mathematical method. Moreover, to eliminate the grid harmonics caused by the
distorted grid voltage, harmonics compensation PR controllers for PV inverter
IS implemented.

Chapter 6, there are two main experimental results shown in this chapter: the
power electronic water heater used for grid harmonics compensation, along with
its harmonics compensation capability limitations validation, and the stability
and transient performance of PV-battery-power electronic water heater power
system under various PV generation/loads consumption. The results indicate that
the proposed power electronic water heater has the expected performance of grid
harmonics compensation with simulations. In addition, the performance of PV-
battery-power electronic water heater power system is also evaluated where the
proposed power electronic water heater can be interfaced with DC bus or AC

grid.
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7.3.

Future work

There are a few points which can be investigated further.

Different system validation required: In this research, the PV
generation/loads consumption input dataset is from the single house
located in the East Midlands of UK which is produced by CREST
model. It might be difference of the optimal design results for another
region since the PV generation and the custom of the loads
consumption may be different.

More system requirements and specifications considered: To
close to the real system operation condition, more requirements and
requirements should be considered. For instance, in this research, the
maintenance fees of system components are not included. Besides,
when the models applied change or another energy storage device
added, the energy loss or power flow will be modified.
Commercialising a design and sizing software: The optimization
procedure in this study is based on the MATLAB platform. Step
further, these codes can be made into a software with visible window
where the users can input their location typical PV generation/load
consumption, choose different models they preferred, and select the
energy storage type they wanted. After processing the optimization
procedure, the optimal sizing scheme is provided for the users.
Commercialising the proposed power electronic water heater:
The performance of the proposed power electronic water heater has

been validated in the simulation and experimental prototype. The
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next step is to introduce this power electronic water heater into the
market product.
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Appendix A: CREST model demonstration

The CREST (centre for renewable energy system technology) demand model
(domestic model) is an open-source software built by Loughborough University.
It is an integrated thermal-electrical demand model based on a bottom-up
activity-based structure, using stochastic programming techniques to represent
dwelling diversity, producing calibrated and validated output at high-resolution,
based on reduced-order thermal-electrical networks to represent thermal
dynamics, and developed as free open-source software to promote transparency
and further research.

Figure A 1 shows the overall architecture of the integrated thermal-electrical
demand model. This model contains electrical demand and generation
(appliances, lighting, and photovoltaics) and integrates these with an updated
occupancy model, a solar thermal collector model, and new thermal models
including a low order building thermal model, domestic hot water consumption,
thermostat and timer controls and gas boilers. The occupancy model generates
stochastic sequences of occupancy for each dwelling, which form a basis for the
calculation of appliance, lighting, and water-fixture switch-on events. These are
aggregated to determine the dwelling’s electricity and hot water demands. The
thermal demand model simulates the dwelling’s thermal dynamics and gas
demands given the climate data, internal heat gains, and dwelling-specific
building fabric data. The occupancy, irradiance and external temperature models
are the principle means of ensuring the integrated model has appropriately
correlated output variables. The integrated model retains several sub-models
from the previously published model: the irradiance model, the PV model, and

the appliance and lighting models (which are part of the electrical demand
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model). While the new model includes more input data than previously, it

remains self-contained, and does not require any further data from the user to

run.
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settings [ROCe ngs
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Figure A 1. Overall architecture of the integrated thermal-electrical demand model [125].

Through the definition of date (day of month and weekday or weekend),
location (latitude and longitude), as shown in Figure A 2, and the number of
occupants, this CREST model (version 2.2) can be used to produce the data
profiles needed in this thesis, like the PV generation data profiles, domestic loads
consumption data profiles without electric water heater energy consumption,

room space temperature profiles, and the hot water consumption profiles.
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Flgun;A; The main operation window (Excel software) of the CREST model to produce various data
profiles.

Lastly, to validate the model, the output of the thermal and hot water sub-
models are compared against independent data sets which were not used in their
calibration. Simulated gas demands are compared with data from the Energy
Demand Research Project Early Smart Meter Trials [181]. and the gas-boiler
control group of the Carbon Trust Micro-CHP Accelerator [182]. Hot water
demands are compared with the data from the Energy Saving Trust Measurement

of Domestic Hot Water Consumption in Dwellings [183].
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Appendix B: DSP controlling platform
In this thesis, to control the PV-battery-power electronic water heater power
system, a fast and effective control platform is achieved by implementing a
Texas Instrument C6713 floating point DSP and the DSP starter kit which, with
its on USB port, allows the user to fulfil the specific application and connect the

controller to the host computer for development and control purposes.

PWM signal output

FPGA core USB port

Measured voltage/current input
;

AD conversion

C6713 DSK Daughter card

Figure B 1. The DSP controlling platform.

Figure B 1 shows the DSP controller platform which mainly includes C6713
DSK board, FPGA board integrated with AD conversion and PWM generation,
and daughter card. The C6713 is a high-speed floating-point processor which
runs at 225MHz and can perform up to eight operations per cycle. One of the
major advantages of employing the C6713 DSK is linked to its peripherals and
the ability to add external peripherals. The FPGA essentially “sits” in the

memory map of the 6713DSK. It is connected using the External Memory
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Interface (EMIF) of the DSK board. The FPGA is programmed with an interface
to the address and data buses of the DSK. Besides, the AD conversion and PWM
output ports (optical) are also mounted in the FPGA board. A daughter card is
employed in this platform which aims to use the host port interface (HPI) of the
C6713 where the HPI port allows a host to access the internal memory of the
C6713 without interrupting the central processing unit (CPU) of the DSP. It
allows a bi-directional data transfer between the host PC and the DSP and to
download sampled variables. Thus, the variables operated in the program can be
monitored at real time through the PC in the MATLAB software, as shown in

Figure B 2.
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Figure B 2. The MATLAB platform used for monitoring variables at real time.
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